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I. SUMMARY 
This report describes work done in the third stage of an investi- 
gation, the objective of which was to develop a capability for 
fuel cell operation on storable rocket propellents. The system 
is attractive because of the excellent long-term storage proper- 
ties of the reactants as well as the possibility of utilizing 
propellent tank residuals to produce electpic power on space 
missions e 
Work has been completed on four major tasks in this program. 
The objective of the first task is to produce a hydrogen-rich fuel 
cell feed stream in a simple catalytic flow reactor from Aerozine-50 
( 5 0  wt % N2H,, 50 wt % UDMH"). Five systems representing tradeoffs 
in simplicity, operating temperatures, and hydrogen production 
efficiencies were investigated. Based on the results of these tests, 
three systems were chosen for long-term testing: (1) a low tempera- 
ture (3O-5O0C) ,  liquid phase decomposer, (2) an intermediate tern- 
peratupe steam reformer (300-5OO0C) and ( 3 )  a high temperature 
(700-800°C) steam reformer with a CO shift reactor. 
The results with the liquid phase reactor were not promising be- 
cause of the low efficiency experienced even with the best cata- 
lysts tested. A feasible system for this application may depend 
upon a periodic regeneration of the catalyst (e.g., a periodic 
flush with H20), and the development of a physically stronger 
catalyst e 
The intermediate temperature steam reformer was promising on initial 
tests; the best hydrogen efficiencies were about 3 0 6 .  However, the 
performance dropped sharply on long-term tests because of carbon 
deposition on the catalyst; hydrogen efficiency was about 11% after 
1000 hours, 
We have demonstrated a combined steam reforming CO shift reactor 
system that produced (for over 1000 hours) with high efficiency 
( ~ 9 5 % )  a fuel cell gas feed stream composed of 70 mole % H2, 
18 mole % N2, 12 mole % C02 (after separation of the excess H20). 
The CO content of the stream was 0.3 mole % or less. 
Jc UMDH: unsymmetrical dimethylhydrazine 
1 
I n  a d d i t i o n ,  a Pd membrane p u r i f i c a t i o n  u n i t  t h a t  s u p p l i e s  u l t r a -  
pure  H2 from t h e  r e fo rmer  stream a t  9 0 %  e f f i c i e n c y  has been 
demonst ra ted .  
T h e , o b j e c t i v e  of t h e  second t a sk  was t o  decompose N 2 O 4  to an 
oxygen-r ich f e e d  s t r eam f o r  a f u e l  c e l l  i n  a s imple  c a t a l y t i c  
f low r e a c t o r .  An e x t e n s i v e  c a t a l y s t  s c r e e n i n g  program f a i l e d  
to produce any c a t a l y s t s  t h a t  decomposed N 2 O 4  a t  s u b s t a n t i a l  
r a t e s  below 800Oc. 
Four promis ing  c a t a l y s t s  were t e s t e d  f o r  13 days  a t  80O-85O0C, 
and only  2 %  Pt-on-alumina performed s a t i s f a c t o r i l y .  U t i l i z i n g  
t h i s  c a t a l y s t ,  an  N 2 O 4  decomposer was developed t h a t  w i l l  conve r t  
80-85% of i n p u t  N 2 0 4  to a gas s t ream c o n s i s t i n g  o f  a 2:l mole r a t i o  
of oxygen t o  n i t r o g e n  f o r  ove r  1 0 0 0  hour s .  The o u t p u t  was contaimin-  
a t e d  w i t h  un reac ted  N 2 0 4 ,  and t h e  k i n e t i c  data i n d i c a t e d  a p r o h i b i t i v e  
c a t a l y s t  weight  ( r e s i d e n c e  t i m e )  would be r e q u i r e d  to produce 97% con- 
v e r s i o n  ( a t  which pe rcen tage  s i m p l e  KOH sc rubb ing  was f e a s i b l e ) .  
a means f o r  removing t h e  u n r e a c t e d  N,O, i s  i n d i c a t e d .  
The o b j e c t i v e s  of t h e  t h i r d  t ask  were t o  develop e l e c t r o d e  
s t r u c t u r e s  and t e c h n i q u e s  t h a t  would a l low t h e  d i r e c t  u t i l i z a -  
t i o n  of gaseous N 2 O 4  and Aerozine-50 as d i r e c t  r e a c t a n t s  i n  a 
f u e l  c e l l .  A f u r t h e r  requi rement  was t h a t  t h e s e  r e a c t a n t s  be 
used e f f i c i e n t l y  i n  a s i n g l e  pass through t h e  e l e c t r o d e  chamber 
of t h e  f u e l  c e l l .  F i n a l l y ,  t h e  o p e r a t i o n  of f u e l  c e l l s  on t h e  
re former  product  s t reams was t o  be i n v e s t i g a t e d .  
Thus, 
Op t imiza t ion  of t h e  carbon-polytetrafluoroethylene (PTFE)  cathode 
t h a t  had been demonstrated previousl’y was i n v e s t i g a t e d  b y  c a r e f u l  
des ign  of r e a c t a n t  f l o w  p l a t e s ,  i n v e s t i g a t i o n  of permeat ion of  
N 2 O 4  th rough t h e  m a t r i x ,  and a c a t a l y s t  s tudy .  
A g r e a t l y  improved N 2 O 4  ca thode  coulombic e f f i c i e n c y  ( 2 7 % )  was 
o b t a i n e d  p r i m a r i l y  as a r e s u l t  of t h e  des ign  o f  an e f f i c i e n t  
r e a c t a n t  f l o w  p l a t e .  The e f f i c i e n c i e s  r e p o r t e d  here a r e  n e a r l y  
an o r d e r  o f  magnitude b e t t e r  t h a n  t h o s e  r e p o r t e d  on our  p r e v i o u s  
c o n t r a c t .  The cathode was demonstrated i n  a 1/3 f t 2  s i z e  a t  
p r a c t i c a l  c u r r e n t  d e n s i t i e s  ( 1 0 0  a m p / f t 2 ) .  
The same degree o f  success  was not  r e a l i z e d  w i t h  t h e  Aerozine-50 
anode d e s p i t e  t e s t i n g  of a v a r i e t y  of c a t a l y s t s  and e l e c t r o d e  
s t r u c t u r e s  f o r  t h i s  s e r v i c e .  Those e l e c t r o d e s  w i t h  s a t i s f a c t o r y  
e l e c t r i c a l  c h a r a c t e r i s t i c s  i n v a r i a b l y  a l s o  caused e x c e s s i v e  s e l f -  
decomposi t ion of t h e  f u e l  and/or  p r e c i p i t a t i o n  of hydraz ine  
phosphates  due t o  mixing of f u e l  and e l e c t r o l y t e .  
2 
A rhodium-catalyzed e l e c t r o d e  w i t h  a carbon-PTFE permeat ion  
b a r r i e r  o p e r a t i n g  from p u r e  anhydrous N 2 H 4  was s u c c e s s f u l l y  
demonst ra ted  and cou ld  b e  developed f o r  f u e l  c e l l  s e r v i c e  w i t h  
an  N 2 0 4  ca thode .  A more promis ing  system, however, might be an 
H 2 / N 2 O 4  c e l l  w i t h  t h e  H 2  s u p p l i e d  by t h e  Aerozine-50 steam 
re fo rmer .  Both anodes o p e r a t e  at about  0,lO t o  0 .15  V v s  SHE 
a t  45OC, 1 0 0  mA/cm2. 
H a l f  c e l l s  o f  1/3 f t 2  s i z e  were o p e r a t e d  on hydrogen and oxygen. 
The hydrogen h a l f  c e l l  p o l a r i z e d  l e s s  t h a n  0 . 1 0  v o l t  a t  90 amp/ft2 
and o p e r a t e d  a t  a coulombic e f f i c i e n c y  above 95% on t h e  stream 
from t h e  Pd membrane d i f f u s e r .  The oxygen e l e c t r o d e  appeared t o  
o p e r a t e  a t  n e a r l y  t h e  same coulombic e f f i c i e n c y .  However, i t  
p o l a r i z e d  more under  l o a d .  Opera t ion  of  t h e  unscrubbed N 2 O 4  
decomposer s t r eam was a t t e m p t e d ,  b u t  u n s t a b l e  e l e c t r o d e  p o t e n t i a l s  
were found. It  i s  recommended t h a t  s c rubb ing  o f  r e s i d u a l  N 2 O 4  
from t h i s  stream b e  i n c l u d e d  i n  s y s t e m  c o n s i d e r a t i o n s .  
The system t h a t  was i n v e s t i g a t e d  f o r  s c rubb ing  r e s i d u a l  N 2 O 4  from 
t h e  decomposer stream c o n s i s t e d  of  a r e g e n e r a b l e ,  two-column ad- 
s o r p t i o n  u n i t  i n  which one column would desorb  t o  space  vacuum 
w h i l e  t h e  o t h e r  was removing N 2 O 4  from t h e  stream. 
Molecular  s i e v e  (13x1 was found t o  be  t h e  b e s t  adso rben t  f o r  t h i s  
a p p l i c a t i o n ,  w i t h  a t o t a l  a d s o r p t i o n  c a p a c i t y  of  about  0 . 2 6  g 
N 2 O 4 / g  s i e v e  a t  25OC. However, a p r o t o t y p e  u n i t  t h a t  was con- 
s t r u c t e d  u s i n g  t h i s  system cou ld  n o t  b e  o p e r a t e d  because o f  
e x c e s s i v e l y  h i g h  bed t e m p e r a t u r e s .  I n  a d d i t i o n ,  i t  was found 
t h a t  t h e  as r e c e i v e d  N 2 O 4  c o n t a i n e d  s u b s t a n t i a l  q u a n t i t i e s  of 
H20. A p u r i f i c a t i o n  t r a i n  was c o n s t r u c t e d  t h a t  s u c c e s s f u l l y  
redlJced t h e  H 2 0  c o n t e n t  (from 0 . 1  t o  0 .003  H 2 0  e q u i v a l e n t s ) .  
A much more d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  s o r p t i o n  c h a r a c t e r -  
i s t i c s  was under taken  u t i l i z i n g  a q u a r t z  mass a d s o r p t i o n  b a l a n c e .  
The r e s u l t s  g e n e r a l l y  confirmed e a r l i e r  work: t h e  t o t a l  a d s o r p t i o n  
c a p a c i t i e s  were w i t h i n  30% of t h o s e  measured under  similar condi-  
t i o n s  i n  t h e  e a r l y  work ( 0 . 0 7  t o  0 . 1 0  g N2O4/g s i e v e  f o r  a 2 O O O C  
d e s o r p t i o n )  and d e s o r p t i o n  was found t o  be  t h e  major  r a t e - l i m i t i n g  
p r o c e s s .  The i so the rms  were q u a l i t a t i v e l y  s imi la r  t o  t h e  t y p e  of  
a d s o r p t i o n  behav io r  observed  w i t h  o t h e r  g a s e s  and vapors  on molec- 
u l a r  s i e v e .  
A c a l o r i m e t r i c  s tudy  i n d i c a t e d  t h a t  heat  e f f e c t s  were q u i t e  s t r o n g  
f o r  N 2 O 4  a d s o r p t i o n  ( abou t  1.1 k c a l / g  adsorbed  N 2 0 4 ) .  
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11. I N T R O D U C T I O N  
A e BACKGROUND 
The work r e p o r t e d  h e r e  comprises  t h e  t h i r d  s t a g e  of  an i n v e s t i -  
g a t i o n  whose o b j e c t i v e  was t o  develop a c a p a b i l i t y  f o r  a f u e l  
c e l l  o p e r a b l e  s t o r a b l e  r o c k e t  p r o p e l l a n t  a s  p r i m a r y  o r  secondary 
r e a c t a n t s .  
The i n i t i a l  c o n t r a c t  (NAS8-2791) e s t a b l i s h e d  t h e  f e a s i b i l i t y  of 
u t i l i z i n g  s t o r a b l e  r o c k e t  p r o p e l l a n t s  a s  f u e l  c e l l  r e a c t a n t s  e 
P e r t i n e n t  p r o p e r t i e s  o f  t h e  p r o p e l l a n t s  were compiled and i n i t i a l  
e l e c t r o c h e m i c a l  t e s t i n g  demonstrated (Ref .  l), 
Work on t h e  next  c o n t r a c t  (NAS3-4175) l a r g e l y  concerned t h e  inves -  
t i g a t i o n  o f  a number of  p o s s i b l e  systems and c e l l  c o n f i g u r a t i o n s  
and culminated i n  t h e  c o n s t r u c t i o n  and long-term t e s t i n g  of  two 
c e l l  t y p e s ,  One c o n f i g u r a t i o n  used hydraz ine  d i s s o l v e d  i n  p o t a s -  
sium hydroxide e l e c t r o l y t e  as t h e  f u e l  and gaseous oxygen as t h e  
o x i d i z e r .  The o t h e r  system used hydraz ine  d i s s o l v e d  i n  phosphor ic  
a c i d  e l e c t r o l y t e  as t h e  f u e l  and gaseous n i t r o g e n  t e t r o x i d e  as t h e  
o x i d i z e r ,  Both s y s t e m s  were developed t o  t h e  p o i n t  where system 
d e s i g n s  were submi t ted  t o  N A S A  s p e c i f i c a t i o n s  (Ref .  2 ) ,  
The work r e p o r t e d  h e r e  involved  t h e  i n v e s t i g a t i o n  and development 
of  c e l l s  t o  o p e r a t e  on gaseous n i t r o g e n  t e t r o x i d e  and Aerozine-50 
( 5 0  w t - %  hydraz ine  - 5 0  w t - %  unsymmetr ical  d ime thy lhydraz ine )  
(UDMH) as d i r e c t  r e a c t a n t s ,  and of  a re forming  c a p a b i l i t y  t o  use  
t h e s e  r e a c t a n t s  t o  produce oxygen- and hydrogen-r ich f e e d  s t reams 
f o r  f u e l  c e l l s ,  The c o n s t r u c t i o n  and o p e r a t i o n  of  working l a b o r a -  
t o r y  r e fo rmers  and c e l l s  were t h e  o b j e c t i v e s  of  t h i s  work.  
The advantages  o f  o p e r a t i n g  space  f u e l  c e l l s  on s t o r a b l e  p rope l -  
l a n t s  i n c l u d e  t h e  a v a i l a b i l i t y  of r e a c t a n t s  d u r i n g  space mis s ions  
f r o m  p r o p e l l a n t  t a n k  r e s i d u a l s  and t h e  r e s u l t i n g  system weight  
and volume r e d u c t i o n s  t h a t  can be r ea l i zed  because s e p a r a t e  t ank-  
age i s  not  r e q u i r e d ,  The e x c e l l e n t  s t o r a g e  p r o p e r t i e s  o f  p rope l -  
l a n t s  such as n i t r o g e n  t e t r o x i d e  and Aerozine-50 a l l o w  a n  optimum 
d e s i g n  o f  equipment f o r  very  long  mis s ion  t imes  t h a t  would no t  be 
p o s s i b l e  w i t h  r e a c t a n t s  t h a t  r e q u i r e  c ryogenic  s t o r a g e .  Because 
of  t h e i r  r e l a t i v e l y  h igh  b o i l i n g  p o i n t s  and low vapor  p r e s s u r e  a t  
normal t e m p e r a t u r e s ,  t h e s e  p r o p e l l a n t s  a r e  capable  of" s t o r a g e  i n  
th in -wa l l ed  c o n t a i n e r s  w i t h  minimal p r e s s u r i z a t i o n  and i n s u l a t i o n  
f o r  y e a r s  w i t h  v i r t u a l l y  no v e n t i n g  losses .  I n  a d d i t i o n ,  t h e  h igh  
energy c o n t e n t  and f a v o r a b l e  heat e f f e c t s  due t o  t h e  endothermic 
n a t u r e  o f  some of t h e  r e a c t i o n s  involved  w i t h  t h e s e  r e a c t a n t s  t end  
t o  have f a v o r a b l e  e f f e c t s  i n  system d e s i g n s ,  
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B. SCOPE OF WORK 
T h i s  r e p o r t  cove r s  work on f o u r  m a j o r  tasks performed d u r i n g  t h e  
cour se  of t h i s  c o n t r a c t .  These a r e :  
(1) Produc t ion  and p u r i f i c a t i o n  of a hydrogen f eed  
stream from Aerozine-50 
( 2 )  Decomposition o f  n i t r o g e n  t e t r o x i d e  t o  produce 
an  oxygen-r ich feed  stream 
( 3 )  C o n s t r u c t i o n  and o p e r a t i o n o f  f u l l  c e l l s  u t i l i z -  
i n g  b o t h  d i r e c t  r e a c t a n t s  and x f o r m e r  product  
streams 
( 4 )  Removal of  un reac ted  n i t r o g e n  t e t r o x i d e  f rom t h e  
n i t r o g e n  t e t r o x i d e  decomposer s t r eam.  
The work on T a s k s  1 th rough 3 has been r e p o r t e d  i n  d e t a i l  i n  f i v e  
q u a r t e r l y  r e p o r t s  (Ref .  3 ) .  The p r i n c i p a l  r e l e v a n t  r e s u l t s  are 
p r e s e n t e d  i n  this r e p o r t  a l o n g  w i t h  summaries o f  t h e  expe r imen ta l  
programs, The work involved  i n  Task 4 has not  been p r e v i o u s l y  
r e p o r t e d  and i s  p r e s e n t e d  h e r e  i n  d e t a i l ,  
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7.11. PRODUCTION AND PURIFICATION OF HYDROGEN 
FEED STREAM FROM AEROZINE-50 
A. BACKGROUND 
1. Objectives and ScoDe of Work 
The objective of this task was to produce, in a simple catalytic 
flow reactor, a hydrogen-rich fuel cell feed stream from a 50 wt-% 
N2H4, 50 wt-% UDMH (Aerozine-50) feed stream at a maximum efficiency 
and at reasonably low temperatures e 
Five systems have been investigated that allow tradeoffs between 
H2 efficiency, temperature, simplicity, and the composition of 
the output stream, These are: (1) low-temperature, liquid- 
phase catalytic decomposition; ( 2 )  intermediate-temperature (45OOC) 
steam reforming; (3) intermediate-temperature steam reforming 
followed by an NH3 decomposer; (4) high-temperature (600-800°c) 
steam reforming; and ( 5 )  high-temperature steam reforming with a 
CO shift reactor. Each system was developed to the point where 
a determination of its feasibility was possible. Based on these 
tests three systems were chosen for long-term testing: (1) the 
low-temperature decomposer, (2) intermediate-temperature steam 
reforming, and (3) high-temperature steam reforming with CO shift, 
In addition, a Pd membrane purification unit was investigated and 
demonstrated, The unit was designed to supply ultrapure H2 to a 
fuel cell from the impure reactor streams. 
2. Reactions and Possible System Tradeoffs 
On the basis o f  the available literature, an examination of rela- 
tive bond strengths, and the chemistry of analogous reactions, 
the following decomposition routes seemed the most likely: 
(a) For N2H4: 
Unless further NH3 decomposition occurs (ices, at higher temperatures), 
the competing NH3 formation reaction can substantially reduce H2 
yields. 
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(b) For UDMH 
Other reactions of possible significance here are: 
CO -I- H,O - CO2 t H2 (CO shift) ( 1 0 )  
co 8 3H2 - CH, * H20 (CO reduction) (12) 2NH3 - N2 + 3H2 (NH, decomposition) (11) 
CO 4- H2 C f H20 (carbon deposition) (13) 
C02 t H2 -- CH, + 2H20 (methanation) (14) 
Thus a wide variety of reaction paths, products, and H2 yields are 
possible depending on catalyst and reactor conditions, feed s t o c k  
and, most particularly, temperature, 
If, however, thermodynamic equilibrium prevails, the equilibrium 
steam reforming compositions can be calculated utilizing known 
thermodynamic data, The use of this technique to determine opti- 
mum conditions for highest H2 efficiency is illustrated in Figure 
Here temperature and amount of H20 excess (over stoichiometric 
requirements) in the feed stock were considered to be the most 
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Figure 1. Hydrogen Efficiency Contour Xap 
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B e  LOW TEMPERATURE D E C O M P O S I T I O N  
1. I n i t i a l  I n v e s t i g a t i o n  - Batch C a t a l y s t  S c r e e n i n g  
Decomposition a t  a tmospher ic  p r e s s u r e  i s  po tenOia l ly  t h e  s i m p l e s t  
and most s t r a igh t  forward  method o f  producing H 2  from l i q u i d  
Aerozine-50 i n  t h e  t empera tu re  range  30-5O0Co Only t h e  N2H4 @om- 
ponent  o f  t h e  f u e l  can make s i g n i f i c a n t l y  l a r g e  c o n t r i b u t i o n s  t o  
H 2  p roduc t ion ,  and t h i s  l i m i t s  t h e  e f f i c i e n c y  t o  a maximum o f  3 2 % . *  
I n i t i a l  c a t a l y s t  s c r e e n i n g  f o r  t h i s  system was conducted i n  a b a t c h  
r e a c t o r .  F i g u r e  2 shows a schematic  diagram of t h e  expe r imen ta l  
s e t u p  used f o r  most of  t h e  t e s t s .  A t h e r m o s t a t t e d  water  b a t h  was 
hea ted  b y  a copper  c o i l  h e a t e r  c o n t r o l l e d  b y  Thermistemp tempera-  
t u r e  r e g u l a t o r  (SO,XGC). The r e a c t o r  f l a s k  was a 5O-ml round 
bottomed f l a s k ,  Ti th  a magnet ic  s t i r r i n g  b a r  enc losed .  An a d d i t i o n  
f u n n e l  was used t o  add t h e  f u e l  i n s t a n t l y  o r  i n  small inc remen t s ,  
From t h e  f l a s k  a gas  e x i t  l i n e  vented t o  a manometer used t o  check 
f o r  p r e s s u r e  l e a k s  and t o  a s u l f u r i c  a c i d  sc rubbe r  f o r  NH3 rpemoval. 
From t h e  s c r u b b e r  t h e  gas  passed  through a gas sample c a l i b r a t i o n  
t u b e  and t h e n  i n t o  a wet t e s t  meter  f o r  volume measurements,  
The t e s t s  were conducted by adding  a known weight and volume o f  
c a t a l y s t  t o  t h e  r e a c t i o n  f l a s k ,  The a d d i t i o n  f u n n e l  was f i l l e d  
w i t h  t h e  f u e l  t o  be t e s t e d ,  and t h e  system was pupged w i t h  N2 t o  
remove any a i r .  The f u e l  was added dropwise t o  ensu re  s a f e  decom- 
p o s i t i o n  r a t e s ,  When i t  was obvious t h a t  no e x p l o s i v e  decomposi- 
t i o n s  would o c c u r ,  t h e  remainder  o f  t h e  f u e l  was added and the  
gas  e v o l u t i o n  r a t e  measurements wepe s t a r t e d ,  The gas  sample was 
ana lyzed  by  V P C .  
A l l  d a t a  on c a t a l y s t s  t e s t e d  a r e  inc luded  i n  Table  I ,  Two c a t a l y s t s  
showed s u f f i c i e n t  promise t o  warran t  c o n s i d e r a t i o n :  (1) a promoted 
Raney NE-water sluT"ry, and ( 2 )  Rh on v a ~ f o u s  s u p p o r t s .  Although 
t h e  N i  c a t a l y s t  gave t h e  h i g h e s t  conve r s ion  t o  H 2  ( 8 8 %  compared 
t o  55% f o r  a t y p i c a l  Rh c a t a l y s t )  t h e  s l u r r y  f o r m  would be n e a r l y  
imposs ib l e  t o  u se  i n  a f l o w  r e a c t o r  system. The best  c h o i c e ,  
t h e n ,  is t h e  Rh c a t a l y s t  suppor ted  on a lumina ,  w i t h  which t h e  H 2  
e f f i c i e n c y  ob ta ined  was 1 7 . 6 %  based on t h e  t o t a l  H2  con ten t  o f  
Aerozine-50, o r  55% based on t h e  decomposi t ion of  t h e  N 2 H 4  com- 
ponent  a l o n e  
A l l  e f f l c f e n c i e s  r epop ted  as  pe rcen t  o f  maximum p o s s i b l e  
by r e a c t i o n  (9). 
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Data from f u r t h e r  t e s t s  t h a t  were r u n  w i t h  t h e  b a t c h  a p p a r a t u s  
are  p r e s e n t e d  i n  Tab le  11. 
The c h e l a t e  c a t a l y s t s  were t r i e d  because of  p u b l i s h e d  r e p o r t s  o f  
h i g h l y  s p e c i f i c  c a t a l y t i c  e f f e c t s  w i t h  N 2 H 4  (Ref.  4). They were 
c a r e f u l l y  p r e p a r e d  by p u b l i s h e d  t e c h n i q u e s  ( R e f s .  5,6), washed w i t h  
p y r i d i n e  t o  remove s o l u b l e  p o r t i o n s ,  and vacuum d r i ed  b e f o r e  t e s t i n g .  
The single-component p r e c i o u s  metal c a t a l y s t s  were made from s t a n d a r d  
commercial b l a c k s  i n c o r p o r a t e d  i n  our MRD-carbon/catalyst e l e c t r o d e s  
which were subsequen t ly  c u t  up i n t o  small  s q u a r e s  f o r  t e s t i n g .  The 
N i B  and t h e  m u l t i p l e  component a l l o y  were made i n  o u r  l a b o r a t o r y .  
The Harshaw N i  c a t a l y s t  was a commercial p r o d u c t .  
The only  new c a t a l y s t  showing any promise i n  t hese  t e s t s  was 
t h e  5-component p r e c i o u s  metal a l l o y .  Even t h i s  c a t a l y s t  d i d  
no t  demonst ra te  any advantage  o v e r  the  p r e v i o u s l y  t e s t ed  R h  
c a t a l y s t  i n  t h i s  sho r t - t e rm t e s t i n g .  
2 .  Continuous Flow Reac to r  Tes t s  
Fol lowing t h e  i n i t i a l  work, a t u b u l a r ,  cont inuous-f low,  l i q u i d -  
phase  r e a c t o r  was c o n s t r u c t e d  and o p e r a t e d .  A schemat ic  o f  t h i s  
equipment i s  shown i n  F i g u r e  3.  The r e a c t o r  c o n s i s t s  of  a 2 - f t  
l e n g t h  o f  1 /2- in .  d i a m e t e r ' s t a i n l e s s  s t e e l  t u b i n g  which c o n t a i n s  
t h e  c a t a l y s t  bed .  The r e a c t o r  t u b e  was enc losed  i n  a water j a c k e t  
which was fed from a t h e r m o s t a t i c a l l y  c o n t r o l l e d  water b a t h .  The 
feed s t o c k  was d e l i v e r e d  t o  t h e  r e a c t o r  by a c a l i b r a t e d ,  p o s i t i v e  
d isp lacement  me te r ing  pump e 
I n i t i a l  t e s t s  o f  4 t o  6 hours  d u r a t i o n  were performed on t h e  
b e s t  c a t a l y s t s  found i n  t h e  b a t c h  s c r e e n i n g  program; t h e  r e s u l t s  
o f  t h e s e  t e s t s  a re  summarized i n  T a b l e  111. The H 2  e f f i c i e n c i e s  
found i n  t h e  t u b u l a r  r e a c t o r  were g rea t e r  t h a n  t h o s e  found i n  
b a t c h  t e s t i n g .  It i s  b e l i e v e d  t h a t  some p o r t i o n  o f  t h e  UDMH was 
decomposing i n  t u b u l a r  r e a c t o r  t e s t s ,  probably  by t h e  f o l l o w i n g  
r e a c t i o n :  
.It i s  p robab le  t h a t  t h i s  r e a c t i o n  was p roceed ing  i n  t h e  b a t c h  
t e s t i n g  as w e l l  ( s i n c e  c o n d i t i o n s  and c a t a l y s t s  were n e a r l y  
i d e n t i c a l ) ;  however, no complete  mater ia l  b a l a n c e s  were made 
i n  t h o s e  i n i t i a l  t e s t s  and t h e  r e a c t i o n  was never  d e t e c t e d .  I t s  

























COMPARISON OF H 2  EFFICIENCIES -- 
CONTINUOUS VS BATCH L I Q U I D  PHASE REACTORS 
F u e l :  Aerozine-50 
Continuous Batch 
Temp, Hydrogen Hz/Nz Temp, Hydrogen H 2 / N 2  
C a t a l y s t  O C  Erficiency R a t i o  O C  E f f i c i e n c y  R a t i o  
0.5% R h  on 50 24.8 1.5 30 17.6 1 .6  
Alumina 
T325 Reduced 30 17.4 1.1 50 10.2 1 . 2  
S t a b i l i z e d  
Nicke l  
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Table I V  summarizes t h i s  l iqu id-phase  t e s t i n g .  Seve ra l  c o n c l u - '  
s i o n s  can be  drawn from t h e s e  data:  
(1) A l l  c a t a l y s t s  t e s t e d  showed a drop i n  H2  e f f i c i e n c y  
as t h e  tempera ture  was r a i s e d .  The d e t e r i o r a t i o n  
was caused by a s h i f t  t o  NH3 fo rma t ion .  
( 2 )  Most c a t a l y s t s  showed a d e t e r i o r a t i o n  o f  H 2  e f f i c i e n c y  
w i t h  t i m e ,  even a t  lower t empera tu res .  An excep t ion  
was t h e  T-325 reduced s t a b i l i z e d  N i  which maintained 
a c o n s t a n t  r a t e  over  a 20-hour p e r i o d .  
( 3 )  The a d d i t i o n  o f  wa te r  t o  t h e  Aerozine-50 feed  had no 
e f f e c t  on t h e  r e a c t i o n .  
( 4 )  When N 2 H 4  a l o n e  (no UDMH) was used as t h e  feed  s t o c k ,  
performance remained cons t an t  and no d e t e r i o r a t i o n  
was found.  
Based on t h e s e  f a c t s  it appears  l i k e l y  t ha t  t h e  UDMH p o r t i o n  of  
t h e  f u e l  i s  p a r t i a l l y  r e a c t i n g  t o  form p roduc t s  which poison  t h e  
c a t a l y s t  i n  such a manner t h a t  t h e  r e a c t i o n  s h i f t s  t o  N H 3  forma- 
t ion . ,  A t  lower t empera tu res  t h e  UDMH r e a c t i o n  proceeds a t  a slow 
r a t e ,  and i t  t a k e s  some time f o r  t h e  po i son ing  e f f e c t  t o  become 
dominant.  A s  t h e  tempera ture  i s  i n c r e a s e d ,  t h e  UDMH r e a c t i o n  
speeds up and t h e  d e t e r i o r a t i o n  t a k e s  less  t i m e .  
Longer-term t e s t s  were r u n  wi th  t h e  Gird le r  T-325 Ni-based c a t a l y s t .  
A t e s t  o f  125  hours d u r a t i o n  ( s e e  T a b l e  V) w i t h  a n  Aerozine-50/H20 
s o l u t i o n  (62 .5% Aerozine-50 by we igh t )  was made. The h i g h e s t  e f f i -  
c iency  was 6 6 . 0 %  based on N 2 H 4 .  A f t e r  86 hours  t h e  e f f i c i e n c y  was 
s t i l l  6 4 $ ,  However, a f t e r  t h i s  p e r i o d ,  slow d e t e r i o r a t i o n  s t a r t e d ,  
r e s u l t i n g  i n  50% e f f i c i e n c y  a f t e r  1 2 4  hour s .  
The d e t e r i o r a t i o n  was due t o  lower r a t e s  of N 2 H 4  decomposi t ion,  
r a t h e r  t h a n  t o  NH3 format ion ,  as  has p r e v i o u s l y  been noted i n  
t h i s  work. This  was shown by t h e  c o n s t a n t  H 2 / N 2  r a t i o  i n  t h e  
product  g a s 9  and a l s o  by q u a l i t a t i v e  in fo rma t ion  on t h e  amount of  
( N ~ H ~ ) ~ H ~ S O L +  p r e c i p i t a t e  formed. 
Based on these r e s u l t s ,  the G l r d l e r  T-325 c a t a l y s t  was chosen f o r  
t h e  1000-hour tes t  on t h i s  sys t em.  Aerozine-50 (wi thout  H 2 0 )  was 
fed t o  t h e  r e a c t o r  a t  a rate 50% h i g h e r  t h a n  i n  t h e  p rev ious  t e s t .  
It was found necessa ry  t o  purge t h e  r e a c t o r  w i t h  H 2 0  a t  t h e  s t a r t  
o f  t h e  t e s t  t o  avoid poisoning  t h e  c a t a l y s t  by t h e  h i g h l y  exothermic 
r e a c t i o n  caused by t h e  sudden i n g r e s s  of  t h e  f u e l .  Over a p e r i o d  
of  one day t h e  H 2 0  was d i s p l a c e d  by t h e  Aerozine-50, and t h e  
r e a c t o r  reached  a s t e a d y  s t a t e .  
v! '9 
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T h i s  t e s t  was r u n  con t inuous ly  for. 700  hour s  u n t i l  t h e  r e a c t o r  
t u b e  r u p t u r e d  because o f  an  u n r e l i e v e d  ove r -p res su re  due t o  
p lugging  o f  t h e  t u b e  b y  c a t a l y s t  pasa t ic les  t h a t  had broken 
l o o s e ,  Table  V I  g i v e s  a complete h i s t o r y  o f  t h e  700-hour t e s t .  
The maximum H,  e f f i c i e n c y  (based on N 2 H 4 )  of  56 ,5% was reached  
a t  30.6°C, a f t e r  49 h o u r s ,  From t h e n  on a slow d e t e r i o r a t i o n  
occur red  u n t i l  t h e  e f f i c i e n c y  reached  32 .3% at 316 hour s .  A t  
t h a t  time t h e  low e f f i c i e n c y  was p r i m a r i l y  caused by incomple te  
N 2 H 4  decomposi t ion r a t h e r  t h a n  N H ,  f o rma t ion ,  The t empera tu re  
was subsequent ly  r a i s e d  i n  small s t e p s  i n  a n  a t t e m p t  t o  i n c r e a s e  
e f f i c i e n c i e s ,  It was found t h a t  t h e  r e a c t i o n  r a t e  would i n c r e a s e  
f o r  a t ime a f t e r  each i n c r e a s e  i n  t e m p e r a t u r e ,  b u t  would t h e n  
d e c l i n e  a g a i n ,  F i n a l l y  a t  7 0 0  hours ,  a r a t e  e q u a l  t o  37.0% was 
found a t  45,6OC. However, n e a r l y  a l l  t h e  N 2 H 4  was decomposed, 
i n d i c a t i n g  t h a t  a s h i f t  toward NH, f o rma t ion  had a l s o  occur red  
a t  t h e  h i g h  t e m p e r a t u r e ,  T h i s  was confirmed b y  t h e  lower H 2 / N ,  
VPC r a t i o  o c c u r r i n g  at 45.60C0 
It i s  e v i d e n t  f rom t h e  data gene ra t ed  d u r i n g  t h i s  t e s t  t ha t  t h e  
Ni-based c a t a l y s t  used was not  s a t i s f a c t o r y  f o r  t h i s  a p p l i c a t i o n  
b o t h  because o f  its p h y s i c a l  d i s i n t e g r a t i o n  and ,  more i m p o r t a n t l y ,  
because of i t s  loss i n  a c t i v i t y  i n  long-term t e s t i n g .  Accordingly,  
a s h o r t  s c r e e n i n g  program was i n i t i a t e d  i n  a n  a t t empt  t o  f i n d  a 
more a c t i v e  c a t a l y s t ,  The f o l l o w i n g  c a t a l y s t s  were t e s t e d  for 
s h o r t  p e r i o d s  (1 t o  2 d a y s )  i n  t h e  r e a c t o r :  
Harshaw ZN0701 ( 2 4 %  ZnO on a c t i v a t e d  a lumina)  
G i r d l e r  (3-47 (Fe203; suppor t  unknown) 
11 G - 4 9 A  ( reduced ,  s t a b i l i z e d  Nf on k f e s e l g u h r )  
11  G-49B ( reduced ,  s t a b i l i z e d  N i  on k i e s e l g u h r )  
None of  t h e s e  c a t a l y s t s  showed any advantage over  t h e  " - 3 2 5  c a t a l y s t ,  
Subsequent t o  t h i s  woi?k, long-term, cont inuous-f low r e a c t o r  t e s t s  
were a t tempted  w i t h  anhydrous N 2 H 4  a l o n e  (no UDMH) u t i l i z i n g  a 
h igh-sur face-area  Rh c a t a l y s t .  A f t e r  s e v e r a l  equipment problems 
were s o l v e d ,  t h e  u n i t  was s t a r t e d  up, It was found t h a t  t h e  
spontaneous decomposi t ion r e a c t i o n  was ext remely  d i f f i c u l t  t o  
c o n t r o l  w i t h  pure N2H4. Moderat ion w i t h  wa te r  helped c o n s i d e r a b l y ,  
bu t  conve r s ion  e f f i c i e n c i e s  were s u b s t a n t i a l l y  below 50% even a t  
low-flow pates ,  Long-term t e s t s  were no t  a t t e m p t e d ,  The r e s u l t s  
of  t h i s  work, p r e v i o u s l y  un repor t ed ,  ape g iven  i n  d e t a i l  i n  
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C .  INTERMEDIATE TEMPERATURE SYSTEMS 
1. Equipment 
F igu re  4 shows s c h e m a t i c a l l y  t h e  complete  i n t e r m e d i a t e  tempera- 
t u r e  re forming  sys tem,  A c a l i b r a t e d  o n e - l i t e r  g radua te  con ta ined  
t h e  wa te r - fue l  mix tu re ,  f e e d i n g  i n t o  Mi l ton  Roy "mini-pump" (maxi- 
mum p r e s s u r e  200  p s i g ) ,  th rough a 5-micron  s t a i n l e s s  s t e e l  f i l t e r .  
Immediately f o l l o w i n g  t h e  pump o u t l e t  was a p r e s s u r e  gauge and 
r u p t u r e  d i s c  assembly t h a t  would r e l e a s e  a t  2 0 0  p s i g ,  The p r e s s u r e  
gauge p e r m i t t e d  t h e  use o f  t h e  pump c a l i b r a t i o n  w i t h  p r e s s u r e  f o r  
a c c u r a t e  pumping r a t e s ,  Fol lowing t h e  r u p t u r e  d i s c  was a va lve  
system t o  purge and c l e a n  t h e  pump, A va lved  gas i n p u t  l i n e  was 
used (a rgon  o r  he l ium)  t o  purge t h e  s y s t e m  of  a i r  b e f o r e  t e s t i n g  
and t o  purge t h e  l i q u i d  and gases  pemaining a f t e r  t h e  t e s t  p e r f o d ,  
The reactoosF system, c o n s i s t i n g  o f  a 1 - i n ,  304 s t a i n l e s s  s t e e l  p i p e  
w i t h  3 /4- in0  I,D, was hea ted  b y  a 3400-watt e l e c t r i c  oven, w i t h  
i n d i v i d u a l  on-off swi t ches  on f o u r  h e a t i n g  e l emen t s ,  Thermo- 
couples  were a t t a c h e d  t o  t h e  r e a c t i o n  t u b e  and connected t o  a 
West t empera tu re  c o n t r o l l e r  and a Brown t empera tu re  r e c o r d e r .  The 
oucput o f  t h e  r e a c t o r  passed through a water condenseu. t o  a mano- 
s ta t  c o n s i s t i n g  of a p r e s s u r e  gauge and a p r e s s u r e  s w i t c h  t h a t  
a c t i v a t e d  a n  on-off s o l e n o i d  v a l v e ,  ma in ta in ing  pressure  w i t h i n  
5 p s i g ,  Fol lowing t h e  s o l e n o i d  v a l v e  was t h e  l i q u i d - g a s  s e p a r a t o r  
f l a sk ,  cooled  i n  an i c e  b a t h  t o  lower t h e  vapor  p r e s s u r e  of t h e  
e x i t  l i q u i d s .  The f l a s k  was p a r t i a l l y  f i l l e d  w i t h  5N H 2 S O 4  ( 1 0 0  m l )  
t o  t r a p  t h e  un reac ted  Aerozine-50 a long  w i t h  N H 3 ,  whi le  p a s s i n g  C 0 2 .  
The gases  t h e n  e n t e r e d  an  H2SO4 sc rubbe r  t o  remove any t r a c e  of  
NH3, flowed through a n o t h e r  condenser  t o  a KOH t r a p  t o  remove C O 2 ,  
and t h e n  flowed t o  t h e  we t - t e s t  m e t e r ,  Between t h e  H ~ S O I ,  s c rubbe r  
and t h e  KOH sc rubbe r  was a v a l v e  t o  a l low t h e  gas  t o  p a s s  through 
t h e  sample loop of  a vapor  phase chromatograph f o r  a n a l y s i s ,  and 
t h e n  back t o  t h e  KOH s c r u b b e r ,  T h i s  p e r m i t t e d  gas a n a l y s i s  a t  
any tirrie d u r i n g  t h e  t e s t .  A f t e r  t h e  wet t e s t  meter, the out-gas 
w a s  vented  t o  a hood. 
The r e a c t o r  t u b e  was 2 2  i n ,  long and was packed wf th  1 0  i n ,  of  
p o r c e l a i n  c h i p s  f o r  p r e h e a t i n g ,  t h e n  s i x  i n c h e s  o f  c a t a l y s t  bed 
(43  m l  volume),  and t h e n  4 more i n c h e s  of  p o r c e l a i n  c h i p s ,  
2 ,  I n t e r m e d i a t e  Temperature  Decomposition 
The o b j e c t i v e  o f  t h i s  work was t o  improve t h e  N 2 H 4  decomposi t ion 
r a t e  and e f f i c i e n c y  by o p e r a t i n g  a t  h i g h e r  t empera tu res  where t h e  
r e a c t a n t s  wepae i n  t h e  vapor  phase ,  The t u b u l a r  f low r e a c t o r  
d e s c r i b e d  above was used t o  e v a l u a t e  P t ,  P d ,  Rh, and N i  c a t a l y s t s  








restilts are p r e s e n t e d  i n  T a b l e  V I I ,  No s i g n i f i c a n t  H 2  fo rma t ion  
was found w i t h  any c a t a l y s t  above 140°C where only  t h e  vapor  
phase e x i s t s  i n  t h e  r e a c t o r ,  A t  P O O O C ,  where Aerozine-50 i s  
only  p a r t i a l l y  vapor i zed ,  some H 2  p roduc t ion  was r e a l i z e d  w i t h  
a Pd c a t a l y s t .  These r e s u l t s  seemed t o  i n d i c a t e  t h a t  t h e  vapor  
phase r e a c t i o n  proceeded mainly t o  NH3 on t h e  c a t a l y s t s  t e s t ed .  
The H2  conve r s ion  e f f i c i e n c y  w i t h  t h e  Pd e a t a l y s t  was on ly  l o 4 % o  
Great  improvement would be necessa ry  f o r  t h i s  s y s t e m  t o  be u s e f u l ,  
3. Intermediate-Temperature ,  S ingle-Reac tor  Steam Reforming-UDMH Only 
The steam reforming  r e a c t i o n  was i n v e s t i g a t e d  i n  t h e  t empera tu re  
range  300 t o  5OO0C, 50 p s i g  p r e s s u r e ,  w i t h  a s i n g l e  c a t a l y s t  i n  a 
s i n g l e  r e a c t o r ,  T h i s  s y s t e m  was a t t r a c t i v e  because o f  t h e  r e l a -  
t i v e l y  low t empera tu re  involved  and i t s  p o t e n t i a l  s i m p l i c i t y ,  
I n  o r d e r  t o  c h a r a c t e r i z e  t h e  r e a c t o r  k i n e t i c s  f r ee  from o t h e r  p o s s i -  
b l e  r e a c t i o n s ,  onby UDMH-H20 mix tu res  were used as feed  s t o c k s  f o r  
t h e  i n i t i a l  c a t a l y s t  e v a l u a t i o n ,  E f f i c i e n c i e s  i n  t h i s  s e c t i o n  are 
r e p o r t e d  as p e m e n t  of  maximum H 2  a v a i l a b l e ,  f o e , ,  from: 
y i e l d i n g  13 .33  moles H2 p e r  900  g UDMH, 
The t u b u l a r  f l o w  r e a c t o r  used was d e s c r i b e d  i n  S e c t i o n  C . 1 ,  
Details  on o p e r a t i n g  pa rame te r s ,  c a t a l y s t s ,  a n a l y t i c a l  methods,  
and r e s u l t s  a r e  i n c l u d e d  i n  t h e  o r i g i n a l  r e p o r t s  (Ref ,  3 ) 0  
T a b l e  VI11 l i s t s  t h e  t o t a l  H 2  e f f i c i e n c y  f o r  each t e s t  performed.  
Three v a l u e s  a r e  shown co r re spond ing  t o  
(1) Actua l  expe r imen ta l  v a l u e s  of  H2 e f f i c i e n c y ,  
( 2 )  H 2  e f f i c i e n c y  i f  C O  is s h i f t e d  t o  C 0 2 ,  and 
( 3 )  H2 e f f i c i e n c y  i f  CO i s  s h i f t e d  t o  CO;! and i f  N H 3  i s  
decomposed, 
The b e s t  a c t u a l  e f f i c i e n c i e s  ( 2 6  t o  30%)  were ob ta ined  a t  500°C, 
50 p s i g ,  w i t h  a Ni-based c a t a l y s t  ( G i r d l e r  G56B), a N i  ox ide  
c a t a l y s t  ( G i r d l e r  T - l 1 4 4 ) ,  and a ZnO on alumina c a t a l y s t  (Hayshaw 
Zn0701) The b e s t  e x t r a p o l a t e d  e f f i c i e n c i e s  (45-55%) f o r  t h e  
sys tem combining steam reforming  w i t h  NH3 decomposi t ion and CO 
convers ion  occur red  a t  4 O O 0 C  w i t h  t h e  f o l l o w i n g  c a t a l y s t s :  
(1) G i r d l e r  T-310, 1 0 %  n i c k e l  ox ide  on a c t i v a t e d  alumina 
( 2 )  GirPdler Ni-base r e fo rming  c a t a l y s t  
( 3 )  G i r d l e r  T-312 N i  and Cu ox ides  @n alumina 
( 4 )  G i r d l e r  " -1144,  50% n i c k e l  ox ide  
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Analysis of product streams from these produced the following 
general conclusions (Ref. 3b): 
(1) All catalysts cause NH3 formation at 300 and 400°C. 
The amount produced decreases as the temperature 
increases; in some cases none is formed at 500°C 
with the pressures used in this study, 
(2) Methane production increases with temperature and 
pressure for most of the catalysts. The maximum 
found was 60 t o  70% of the UDMH reacting by this 
path. 
at 300 and 400°C. This reaction produces H2, but 
is undesirable because of eventual catalyst fouling. 
elements appears to have occurred t o  some extent. 
(3) Carbon deposition occurs with many of the catalysts 
(4) In some cases the direct formation of NH3 from the 
4. Intermediate-Temperature, Single-Reactor 
Steam Reforming-Aerozine-50 
The initial tests with Aerozine-50, in which parallel decomposi- 
tion of N2H4 was expected, were conducted on the two best UDMH 
steam reforming datalysts found in the previous tests. The 
results are presented in Table IX. 
Comparison of these results with the data acquired with UDMH alone 
indicates that the fraction of UDMH undergoing steam reforming was 
reduced at 500°C, and the amount of CH4 formed and carbon deposited 
at 400°C also increased slightly. The net effect was a slightly 
reduced H2 efficiency from the steam-reforming reaction. However, 
a significant increase in NH3 decomposition was found (24% for Girdler 
G56B and 56% for T-1144), which tended t o  increase H2 yield. The over- 
all H 2  efficiency (including the N2H4 component of the fuel) was 27.0% 
f o r  T-1144 at 5OO0C, 50 psig. 
Further testing conducted with several new catalysts is summar- 




































































































Three ZnO-containing c a t a l y s t s  gave t h e  b e s t  s i n g l e  c a t a l y s t  
r e s u l t s  i n  these  t e s t s ,  w i t h  an  H2 e f f i c i e n c y  o f  38% f o r  Harshaw 
Zn0401, Two of  t h e s e  c a t a l y s t s  were s e l e c t e d  f o r  secondary 
t e s t i n g .  These t e s t s  were made i n  c o n j u n c t i o n  w i t h  second i n -  
l i n e  r e a c t o r s  f o r  NH3 decomposi t ion and h igh- tempera ture  steam 
reforming  of t h e  product  s t ream.  The product  s t r eam f r o m  t h e  
r e a c t o r  c o n t a i n i n g  t h e  c a t a l y s t s  i n  q u e s t i o n  was ana lyzed  
s e p a r a t e l y .  The data  on G-72 ZnO c a t a l y s t  over  48 hours  of  
i n t e r m i t t e n t  o p e r a t i o n  are  p r e s e n t e d  i n  Tab le  X I .  The H2 e f f i -  
c i e n c y  was c o n s t a n t  over  t h e  f i r s t  2 4  hours  a t  32-35%, bu t  it 
t h e n  dropped t o  2 8 % .  The d e t e r i o r a t i o n  was undoubtedly caused 
by carbon d e p o s i t i o n  on t h e  c a t a l y s t  bed;  carbon was d e f i n i t e l y  
v i s i b l e  when t h e  c a t a l y s t  was removed from t h e  r e a c t o r .  S i m i l a r  
r e s u l t s  were o b t a i n e d  w i t h  t h e  Zn0401 c a t a l y s t  (Table  X I I ) .  It 
i s  p o s s i b l e  t h a t  t h e  carbon d e p o s i t i o n  occur red  because o f  t e m -  
p e r a t u r e  c y c l i n g  d u r i n g  t h e  t e s t  p e r i o d ,  The r e a c t o r s  were no t  
r u n  ove rn igh t  i n  t h e s e  t e s t s ,  I n  any e v e n t ,  it i s  known t h a t  
i n c r e a s i n g  t h e  water  excess  i n  t h e  i n p u t  s t r eam reduces  t h e  
amount o f  carbon d e p o s i t i o n .  
The e f f e c t  o f  small changes i n  r e s i d e n c e  t ime  was i n v e s t i g a t e d  
w i t h  G-72 c a t a l y s t  (Table  X I I ) .  I npu t  r a t e s  o f  2 0  and 26  g/hr 
produced e s s e n t i a l l y  t h e  same H2 o u t p u t ,  i n d i c a t i n g  l i t t l e  
e f f e c t  i n  this r ange .  
5 I n t e r m e d i a t e  Temperature  Steam Reforming 
Followed by NH3 Decomposition 
C a l c u l a t i o n s  showed t h a t  t h e  H2 e f f i c i e n c y  o f  t h e  ZnO steam 
reforming  c a t a l y s t s  could  be g r e a t l y  i n c r e a s e d  i f  s i g n i f i c a n t  
NH3 decomposi t ion could  be e f f e c t e d .  For example,  i f  9 0 %  o f  t h e  
NH3 i n  t h e  product  s t r eam f r o m  t h e  Zn0401 c a t a l y s t  bed were de- 
composed, t h e  o v e r a l l  H2 e f f i c i e n c y  would be 75%.  
A second i n - l i n e  r e a c t o r  was necessa ry  i n  t h i s  sytem because 
NH3 decomposi t ion i s  thermodynamical ly  favored  a t  lower pres-  
s u r e s  t h a n  were used i n  t h e  s team re fo rming  r e a c t o r .  The c a t a -  
l y s t  cho ice  f o r  t h e  second r e a c t o r  was d i f f i c u l t :  t h e  s t a n d a r d  
NH3 d i s s o c i a t i o n  c a t a l y s t s  (promoted i r o n  o x i d e s )  w i l l  no t  work 
i n  t h e  p resence  of  H20, C O ,  o r  C02. Fur thermore ,  t h e  t e s t  r e s u l t s  
on single 'bed composi te  c a t a l y s t s  (Table  X )  showed t h a t  Ni c a t a -  
l y s t s  reduced t h e  hydrogen e f f i c i e n c y  by promoting t h e  methana- 
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Three c a t a l y s t s  have been t e s t e d :  Engelhard O o 5 %  Pt on a lumina ,  
Socony s i l i c a - a l u m i n a  c r a c k i n g  c a t a l y s t ,  Harshaw Co-Mo-0402 (con- 
t a i n i n g  6 %  Co as t h e  o x i d e )  on s i l i c a ,  These c a t a l y s t s  were 
i n c o r p o r a t e d  i n  t h e  second p e a c t o r ,  which was fed  w i t h  t h e  product  
s t r eam from t h e  steam reforming  r e a c t o r  (ZnO c a t a l y s t ) .  The r e -  
s u l t s  a r e  shown i n  T a b l e  X I I ,  The p l a t inum c a t a l y s t  lowered t h e  
hydrogen e f f i c i e n c y  by promoting t h e  methanat ion  r e a c t i o n .  The 
s i l i c a - a l u m i n a  c a t a l y s t  gave large carbon d e p o s i t i o n  and lower 
hydrogen e f f i c i e n c y ,  probably  r e a c t i n g  a s :  
The Co-Mo c a t a l y s t  d i d  i n c r e a s e  t h e  hydrogen e f f i c i e n c y  (from 
2 4 %  t o  32% i n  t h e  bes t  t e s t )  bu t  a n a l y s i s  o f  t h e  product  stream 
i n d i c a t e d  t h a t  t h e  i n c r e a s e  was due t o  grpeater steam reforming  
r a t h e r  t h a n  t o  NH3 decomposi t ion ,  I n  f a c t ,  t h e  evidence i n d i c a t e d  
t h a t  t h i s  c a t a l y s t  would have had no a p p r e c i a b l e  e f f e c t  i f  i t  had 
no t  been coupled w i t h  a steam reforming  c a t a l y s t  t h a t  had been 
p a r t i a l l y  "poisoned" by carbon d e p o s i t i o n ,  
Thus no e f f e c t i v e  NH3 decomposi t ion was r e a l i z e d ,  and t h i s  system 
d i d  n o t  appear ve ry  promis ing .  
D o  HIGH-TEMPERATURE STEAM REFORMING 
1 ., Background 
There i s  a s imple J u s t i f i c a t i o n  f o r  i n v e s t i g a t i n g  steam reforming  
i n  t h e  t empera tu re  r ange  60O-80O0C: t h e  h ighes t  p o s s i b l e  H2 o u t -  
p u t s  can be r e a l i z e d  a t  t h e s e  c o n d i t i o n s  s i n c e  thermodynamic 
e q u i l i b r i u m  w i l l  p r e v a i l ,  It is p o s s i b l e  t o  c a l c u l a t e  t h e  e q u i l i b -  
r ium composi t ion of  t h e  product  stream f r o m  thermodynamfc da ta ,  
Table  X I 1 1  l i s t s  e q u i l i b r i u m  composi t ions f o r  t h i s  r e a c t i o n  i n  
t h e  t empera tu re  range  62'g-827°C, The c a l c u l a t i o n  d e t a i l s  a r e  g iven  
i n  Ref.  3 c .  
An examinat ion o f  t h e s e  data shows t h a t  t h e  C O  c o n t e n t  o f  t h e  
product  stream w i l l  be r e l a t i v e l y  h i g h  a t  most of  t h e  c o n d i t i o n s  
cons ide red ,  S ince ,  i n - t h e s e  c o n c e n t r a t i o n s ,  CO i s  known t o  be 
d e l e t e r i o u s  t o  H2 f u e l  c e l l  anodes,  t h i s  product  s t ream could n o t  
be  used d i r e c t l y  i n  a f u e l  c e l l .  Two p o s s i b l e  r o u t e s  were a v a i l a b l e :  
( a )  A t h i r d  i n - l i n e  r e a c t o r  t h a t  would o p e r a t e  a t  150-  
3 O O 0 C  w i t h  a s t a n d a r d  commemfal. CO s h i f t  c a t a l y s t  
t o  e f f e c t i v e l y  e l i m i n a t e  CO from t h e  stream. With 
t h i s  approach t h e  steam re fo rming  c o n d i t i o n s  t h a t  
lead t o  t h e  lowes t  CH4 c o n t e n t  a r e  p r e f e r r e d ,  From 
Table  XI11 these  c o n d i t i o n s  a r e  8 2 7 0 ~ ~  50 p s i g ,  200% 
H 2 0  e x c e s s ,  and an  Hz e f f i c i e n c y  o f  9g08% i s  p o s s i b l e ,  
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( b )  A Pd membrane H2 p u r i f i c a t i o n  u n i t  t h a t  would 
supply  p r a c t i c a l l y  pu re  H 2  to t h e  fuel c e l l .  
I n  t h i s  c a s e  t h e  h i g h e s t  p o s s i b l e  H2 e f f i c i e n c i e s  
from t h e  steam re fc rming  r e a c t i o n  are  des i r ed ,  
r e g a r d l e s s  o f  product  composi t ion ,  The maximum 
y i e l d  cannot. be de te rmined  d i r e c t l y  from T a b l e  XIII; 
however, by making s e v e r a l  r e a s o n a b l e  assumptions 
t h e  e f f e c t  of H20 excess  and t empera tu re  on H2 
e f f i c i e n c y  can be c a l c u l a t e d ,  These assumptions 
and t h e  d e t a i l s  of" t h e  ca l suLa t f sns  are i nc luded  
i n  Ref ,  Sa, The optimum c o n d i t i o n s  are: 7 3 6 " C ,  
421% H20 e x c e s s ,  5 0  p s i g ,  where a n  Hz e f f i c i e n c y  
o f  9 4 . 3 %  i s  expec ted ,  
2 ,  Initial R e s u l t s  
I n i t i a l  t e s t i n g  of  h igh- tempera ture  r e fo rming  was t r i e d  a t  800°C 
w i t h  a s i n g l e  c a t a l y s t ,  how eve^, t h e  r e s u l t s  were un favorab le  
because of  e x c e s s i v e  carbon d e p o s i t i o n  on the p r e h e a t e r  c h i p s  
i n  t h e  c a t a % y s t  bed ,  The reactant s t r eam passed  through a l a r g e  
t empera tu re  g r a d i e n t  i n  t h e  p r e h e a t e r  zone, and the rma l  c r a c k i n g  
o f  t h e  UDMH o c c u r r e d ,  S e v e r a l  d i f f e r e n t  methods of  f e e d i n g  weye 
t r i e d  wi thout  much s u e c e s s ,  The expe r imen ta l  scheme f i n a l l y  used 
was t o  f e e d  t h e  r e a c t a n t  stream t o  a 450QC p r e - r e a c t o r  c o n t a i n i n g  
a ZnO c a t a l y s t  whepe t h e  i n i t i a l .  s team-reforming r e a c t i o n  pro-  
duced low molecu la r  weight  g a s e s ,  The product  cornposit ion was 
i d e n t i c a l  w i t h  t h a t  previous;ly d e s c r i b e d  f o r  t h e  i n t e r m e d i a t e  
t empera tu re  steam r e f o r m e r ,  Carbon d e p o s i t i o n  was minimized i n  
t h i s  r e a c t o r .  The product  stream was t h e n  fed d i r e c t l y  t o  a second 
r e a c t o r ,  o p e r a t i n g  a t  800°C and c o n t a i n i n g  a commercial  s team re-  
forming c a t a l y s t  ( G i r d l e r  G - 5 6 B ) ,  T h i s  c a t a l y s t  i s  s p e c i f i c  f o r  
low-molecular weight  hydrocarbons and i s  recommended f o r  tempera-  
t u r e s  up t o  E O O O " C ,  I n  l a t e r  tesbs a CG s h i f t  r e a c t o r  was added 
t o  t h e  s y s t e m  t o  r educe  t h e  CO c a n t e n t  o f  t h e  product  stream, 
A schematic  diagram o f  %he complete  s y s t e m  i s  shown i n  F igu re  5.  
The r e s u l t s  of i n i t i a l  t e s t i n g  w i t h  t h e  double  r e a c t o r  are pre -  
s en ted  i n  Table  X I V ,  A t  8 O O O C  t h e  measured ou tpu t  composi t ion 
was w e l l  w i t h i n  expe r imen ta l  e r r o r  of" t h a t  c a l c u l a t e d  f o r  e q u i l i b -  
r ium c o n d i t i o n s  ( s e e  Table  XIV>, A second s e r i e s  of  t e s t s  were 
run ,  co r re spond ing  t o  t h e  optimum c o n d i t i o n s  c a l c u l a t e d  f o r  u se  
w i t h  a Pd H2 p u r i f i c a t i o n  u n i t  ( 7 5 O o C ,  4 0 0 %  excess H , O ) ,  The H, 
e f f i c i e n c y  measured i n  t h i s  t e s t  was 9 0 0 4 % ,  i n d i c a t i n g  t h e  equi -  
l i b r i u m  c o n d i t i o n s  were no t  q u i t e  r eached ,  Because of  t h e  l a r g e  
amount of  excess  wa te r  t h e  mass f low r a t e  through t h e  r e a c t o r  was 
much h i g h e r  t h a n  i n  t h e  p reced ing  t e s t ,  P o s s i b l y  t h i s  e x p l a i n s  
t h e  d i sc repancy  i n  t h e  ~ ~ e s u l t s ,  Table  XV summarizes t h e  r e s u l t s  
o f  t h e s e  t e s t s a ,  
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OUTPUT COMPOSITION OF HIGH TEMPERATURE 
STEAM REFORMING 
Temperature : 750°C 
H20 Excess :  40@ 
I n p u t  Rates: 20.2 g/hr Aerozine-50 
48.4 g/hr H20 
Product  Gas Composition, Mole-$ 
H 2  - N 2  - NH3 H20 - co * 
37.3 9.8 0 .5  45.8 2 . 5  4 . 1  
Hydrogen Eff i c i e n c y  : 90.4% 
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The t h i r d  s e r i e s  of  t e s t s ,  i n  which t h e  CO s h i f t  r e a c t o r  was 
added to t h e  system, a re  summarized i n  T a b l e  X V I .  The c a t a l y s t  
used to s h i f t  CO was a s t a n d a r d  commercial c a t a l y s t  w i t h  wel l  
proven c h a r a c t e r i s t i c s  ( G i r d l e r  G-66B). The r e a c t i o n  was 
c a r r i e d  out a t  2 O O O C .  The C O  c o n t e n t  of  t h e  stream was reduced  
from 2.5% t o  0.5%, and t h e  H2 e f f i c i e n c y  was i n c r e a s e d  t o  a max- 
imum of  99.5%. 
3.  Long-Term E v a l u a t i o n  
Long-term t e s t i n g  on b o t h  t h e  i n t e r m e d i a t e  t empera tu re  and t h e  
h i g h  t empera tu re  steam r e f o r m e r s  was done i n  a s i n g l e  e x p e r i -  
menta l  s e t u p ;  t h e  i n t e r m e d i a t e  t empera tu re  r e fo rmer  e s s e n t i a l l y  
se rved  as a p r e - r e a c t o r  f o r  t h e  h igh- tempera ture  r e fo rmer ,  which, 
i n  t u r n ,  f e d  t h e  C O  s h i f t  r e a c t o r .  
The 1000-hour t e s t  was s t a r t e d  1 6  December 1965. The complete 
h i s t o r y  of  t h i s  t e s t  i n c l u d i n g  o p e r a t i n g  pa rame te r s  i s  r e p o r t e d  
i n  T a b l e  X V I I ,  and t h e  d e t a i l s  on each  a n a l y t i c a l  d e t e r m i n a t i o n  
are  inc luded  i n  R e f .  3d.  The modest d e c r e a s e  i n  H 2  e f f i c i e n c y  ( f r o m  
98.7% to 95.6%) o v e r  t he  l i f e  of  t h e  t e s t  was caused by  s l i g h t  de- 
c r e a s e s  i n  N H 3  decomposi t ion and i n  steam reforming  (CHI ,  c o n t e n t  
h i g h e r ) .  After  1 0 0 0  hour s  t h e  N H 3  i n  t h e  o u t p u t  stream corresponded 
to only 3% of  a v a i l a b l e  n i t r o g e n ,  and t h e  CH, c o n t e n t  to 2 * 4 %  of 
a v a i l a b l e  carbon.  The t h e o r e t i c a l  e q u i l i b r i u m  composi t ion l i s t e d  
a t  t h e  bottom o f  T a b l e  X V I I ,  was c a l c u l a t e d  b y  a computer program 
(Ref .  3 d ) .  The f i n a l  o u t p u t  composi t ion was v e r y  c l o s e  to t h e  
t h e o r e t i c a l  v a l u e s  and i n d i c a t e s  t h a t  nea r -equ i l ib i rum c o n d i t i o n s  
were o b t a i n e d  even a f t e r  1 0 0 0  hours  of  t e s t i n g .  
The H 2  e f f i c i e n c y  o f  t h e  f i r s t  r e a c t o r  ( a t  4 5 O O C )  a t  t h e  s t a r t  
o f  t h e  t e s t  was 35%. The e f f i c i e n c y  d e c l i n e d  to 28% a f t e r  50 
hours  and subsequen t ly  t o  11 t 3 %  a t  1000 h o u r s .  However, t h e  
a b i l i t y  of  t h e  h igh- tempera ture  r e a c t o r  to a c c e p t  a l a r g e  v a r i a -  
t i o n  i n  composi t ion  of  t h e  feed stream i s  shown by t h e  f a c t  t h a t  
t h e  o v e r a l l  s y s t e m  e f f i c i e n c y  d e c l i n e d  very  l i t t l e .  T h i s  i s  an  
i n d i c a t i o n  o f  t h e  r e l i a b i l i t y  t h a t  cou ld  be o b t a i n e d  i n  such  a 
m u l t i p l e  r e a c t o r  system. 
E .  Pd MEMBRANE P U R I F I C A T I O N  OF STEAM REFORMER PRODUCT STREAM 
1. Background 
The o b j e c t i v e  o f  t h i s  t a sk  was t o  modify t h e  impure H 2  stream 
from t h e  steam re fo rmer  t o  supply  u l t r a p u r e  H2 to t h e  f u e l  c e l l ,  
The gas  composi t ion  from t h e  r e fo rmer  was 7 0 %  H 2 ,  1 7 %  N 2 ,  12 .5% 
C 0 2 ,  w i t h  t r a c e  C O  and CHI+.  I f  t h e  i m p u r i t i e s  could  be e l i m i n a t e d ,  
t h e  stream cou ld  be  used i n  any t y p e  of  H 2  f u e l  c e l l  wi thout  purge ,  
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OUTPUT COMPOSITION FROM HIGH TEMPERATURE 
STEAM REFORMING WITH CO SHIFT REACTOR 
Three Reac tor  System 
Bed 
Temp , Pressu re ,  Volume, 
O C  PSiE Catalyst m l  
Reac tor  1 450 50 G-72 43 
Reactor  2 750 5 G-56B 86 
Reac to r  3 150-200 a t m  G-66B 67 
Inpu t  Composition, wt-$ :  29.4 Aerozine-50,  70.6 H20 
Inpu t  Hydrogen 
T e s t  Rate, Output Composition, Mole-$ 
No. p h r  Ha N2 NH3 H20 CO C O a  CH4 
74122 58.3 39.8 9.9 0.2 43.0 0.5 6.5 <b.l 96.2 
74123 61.4 40.4 10.2 0.2 42.9 0.4 6.0 ~0.1 99.5 
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and t h e  advan tages  might outweigh t h e  d i s a d v a n t a g e s  o f  i n c r e a s e d  
complexi ty .  We i n v e s t i g a t e d  Pd-Ag a l l o y  membranes f o r  t h i s  
a p p l i c a t i o n ,  
Pa l l ad ium membranes p u r i f y  hydrogen-conta in ing  streams by s e l e c -  
t i v e l y  t r a n s p o r t i n g  hydrogen,  presumably i n  a tomic  form, under  
a n  H 2  p a r t i a l  p r e s s u r e  g r a d i e n t .  The s t e p s  i n v o l v e d  i n  t h i s  
t r a n s p o r t  a r e  : 
a .  D i f f u s i o n  to t h e  membrane s u r f a c e  from t h e  g a s  phase;  
b .  Adsorp t ion  on t h e  s u r f a c e ,  and d i s s o c i a t i o n  to a tomic  form; 
C .  A c t i v a t e d  d i f f u s i o n  o f  a tomic  hydrogen th rough  t h e  membrane ; 
d .  Recombination to molecu la r  hydrogen a t  t h e  s u r f a c e ;  and 
e .  Desorp t ion  from t h e  s u r f a c e .  
A s  l o n g  as t h e  o t h e r  g a s e s  a r e  i n e r t  to t h e  Pd membrane, t h e  t r a n s -  
f e r  r a t e  depends on t h e  t e m p e r a t u r e ,  t h e  p a r t i a l  p r e s s u r e  of  H2 i n  
t h e  impure stream, and t h e  p r e s s u r e  o f  t h e  pu re  H2  o u t l e t .  
Commercial Pd membrane u n i t s  have been op t imized  and w e l l  cha rac -  
t e r i z e d  f o r  t h e  p u r i f i c a t i o n  of  H 2  s t r e a m s .  We s e l e c t e d  a Model 
A-1-DH ( J .  Bishop and C o . ) ,  which c o n s i s t e d  o f  a s i n g l e  Pd-Ag 
a l l o y  t u b e ,  1 f t  long  and 0 . 0 6 3  i n .  O . D .  w i t h  a w a l l  t h i c k n e s s  
of  0 . 0 0 3  i n . ,  c l o s e d  a t  one end.  The t u b e  was mounted i n  a j a c k e t  
t h a t  se rved  as t h e  impure stream purge  man i fo ld .  U l t r a p u r e  H2 
e x i t e d  th rough  t h e  open end o f  t h e  Pd-Ag t u b e .  The u n i t  was 
ra ted  a t  1 SCFH o f  u l t r a p u r e  H2 a t  370°C and 2 0 0  p s i g ,  The manu- 
f a c t u r e r  s u p p l i e d  k i n e t i c  data f o r  t h e  u n i t  i n  t h e  form of  t r a n s -  
f e r  ra te  ( c u  f t / h r )  o f  H 2  v s  p r e s s u r e  of  H2 a t  v a r i o u s  pu re  H 2  
o u t p u t  p r e s s u r e s .  
Fo r  1 a t m  H 2  o u t p u t  p r e s s u r e ,  t h e  r a t e  data can  be  r e p r e s e n t e d  b y :  
RH ( c u  f t / h r )  = C P 0 .85 ,  where P i s  p s i g .  
0 H 2  H 2  
With a p p r o p r i a t e  C O ,  t h i s  r e p r e s e n t s  t h e  k i n e t i c  data w i t h i n  1% over  
t he  r ange  0-100 p s i g  H 2 .  T o  e v a l u a t e  o u r  e x p e r i m e n t a l  r e s u l t s ,  we 
c a l c u l a t e d  t h e  maximum removal e f f i c i e n c i e s  f o r  v a r i o u s  p r e s s u r e s ,  
i n p u t  r a t e s  and compos i t ions ,  i n c l u d i n g  t h e  p o s s i b i l i t y  of connect-  
i n g  two u n i t s  i n  s e r i e s .  The d e t a i l s  o f  t h e  computer program used  
i n  t h e s e  c a l c u l a t i o n s  are g i v e n  i n  R e f .  3e and some of  t h e  r e s u l t s  
of  t h e  c a l c u l a t i o n s  a r e  shown i n  F i g u r e  6 ,  I n  g e n e r a l ,  removal e f f i -  
c i e n c i e s  of 60% to 80% w i t h  a s i n g l e  u n i t  are p o s s i b l e  i n  t h e  r ange  
of c o n d i t i o n s  used ,  and t h e  e f f i c i e n c y  can be i n c r e a s e d  to o v e r  90% 
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2 .  R e s u l t s  and D i s c u s s i o n  
A schemat ic  d iagram o f  t h e  equipment used i n  t h e  e x p e r i m e n t a l  
work i s  shown i n  F i g u r e  7 .  A water t r a p  condensed e x c e s s  wa te r  
from t h e  stream r e f o r m e r  l e a v i n g  t h e  g a s  stream s a t u r a t e d  w i t h  
water vapor  a t  35-45OF. P r o v i s i o n s  were made f o r  a n a l y s i s  
( b y  VPC)  o f  t h e  i n p u t  stream, t h e  e x i t  s t r e a m  from t h e  d i f f u s e r  
j a c k e t ,  and t h e  u l t r a p u r e  H2 e x i t  stream. P r e s s u r e  i n  t h e  
j a c k e t  was ma in ta ined  by a s o l e n o i d  v a l v e  t r i g g e r e d  by a n  
a d j u s t a b l e  p r e s s u r e  s e n s o r .  The volume o u t p u t  o f  each  s t r e a m  
was measured w i t h  w e t - t e s t  m e t e r s ,  I n p u t  r a t e s  were changed 
th rough  a bleed v a l v e  i n  t h e  i n p u t  l i n e .  
I n f t i a l  t e s t i n g  w i t h  t a n k  H, i n d i c a t e d  t h e  u n i t  was o p e r a t i n g  
s a t i s f a c t o r i l y ;  t h e  H, d i f f u s i o n  r a t e s  were w i t h i n  e x p e r i m e n t a l  
e r r o r  o f  t h e  m a n u f a c t u r e r ' s  s p e c i f i c a t i o n s .  The u n i t  was t h e n  
o p e r a t e d  on t h e  r e f o r m e r  ppoduct  stream i n  s h o r t - t e r m  t e s t i n g .  
The t e s t f n g  sequence was: 
Determine gas  o u t p u t  r a t e  ( E i t e r s / h r )  and 
compos i t ion  from steam r e f o r m e r  o v e r  a 
2-hr p e r i o d .  
Swi tch  stream t o  Pd d i f f u s e r  and a l l o w  
30 f i in  f o r  e q u i l i b r i u m .  
Measure g a s  o u t p u t  r a t e  ( E i t e r s / h r )  from 
u l t r a p u r e  H2 l i n e  and from b l e e d  stream 
f o r  1 h r .  
Determine g a s  o u t p u t  compos i t ion  from 
b l e e d  stream, and check p u r e  H, o u t p u t  
f o r  p o s s i b l e  l e a k s ,  
T o t a l  g a s  r a t e s  to t h e  d i f f u s e r  were d e c r e a s e d  by s p l i t t i n g  
t h e  r e f o r m e r  stream ahead o f  t h e  d i f f u s e r .  S i n c e  t h e  b l e e d  
s t r e a m  was n o t  c o n s t a n t ,  b u t  r a t h e r  was p u l s e d  because  o f  
t h e  t y p e  of p r e s s u r e  c o n t r o l  u sed ,  r e s i d e n c e  t i m e s  i n  t h e  
d i f f u s e r  v a r i e d  and t h e  data  a t  t h e  lower i n p u t  r a t e s  were l ess  
a c c u r a t e  t h a n  a t  t h e  h i g h  r a t e s .  Adding t o  t h i s  i n a c c u r a c y  was 
t h e  f a c t  t h a t  VPC a n a l y s i s  o f  t h i s  stream was more d i f f i c u l t  be-  
cause  of  t h e  non-uniform r e s i d e n c e  t i m e s ,  Thus,  t h e  most a c c u r a t e  
c a l c u l a t i o n  o f  p u r i f i c a t i o n  e f f i c i e n c y  was from t h e  volumes 
r e c o v e r e d  from each  gas  s t r e a m ,  Data from these  t e s t s  a re  @om- 
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H k  
0 z u 
E i g h t y  p e r c e n t  H2 r ecove ry  as u l t r a p u r e  H2 was o b t a i n e d  a t  
t h e  lowest  i n p u t  r a t e  t e s t e d  ( 7 . 2 2  l i t e r / h r )  a t  1 0 0  p s i g  
i n p u t  p r e s s u r e .  At 25 l i t e r s / h r  i n p u t  r a t e ,  52% and 27% 
recove ry  was found a t  1 0 0  p s i g  and 50 p s i g ,  r e s p e c t i v e l y .  
The fo l lowing  p o i n t s  a re  noteworthy:  
(1) The d i f f u s e r  s y s t e m  seemed to improve w i t h  
. t i m e .  Reasons f o r  t h i s  might b e  removal of  
"poisons"  caused  by p r i o r  a i r  c o n t a c t ,  o r  
changes i n  t h e  membrane c r y s t a l  s t r u c t u r e  i n  
c o n t a c t  w i t h  t h e  H2  stream. 
( 2 )  The composi t ion  of  t h e  b leed  stream was con- 
s i d e r a b l y  h i g h e r  i n  CO t h a n  can be  accounted  
f o r  b y  t h e  change i n  volume due t o  loss of  H 2  
th rough t h e  membrane. It seems p robab le  t h a t  
t h e  r e v e r s e  o f  t h e  CO s h i f t  r e a c t i o n s  was 
be ing  c a t a l y z e d  by  t h e  pa l l ad ium s u r f a c e  
through t h e  r e a c t i o n :  
The e x c e s s  water from t h e  r e fo rmer  was con- 
densed o u t  o f  t h e .  stream b e f o r e  i t  e n t e r e d  t h e  
d i f f u s e r  and t h i s  would t e n d  t o  f a v o r  t h e  above 
r e a c t  i o n .  
( 3 )  The steam reforming  e q u i l i b r i u m  a t  800Oc y i e l d s  
1 . 0 %  CHI+ a t  1 0 0  p s i g  compared t o  0 . 3 %  CHI, a t  1 atm 
o p e r a t i n g  c o n d i t i o n s  used i n  t h e  1000-hr  t e s t .  
T h i s  h i g h e r  p r e s s u r e  does n o t  s i g n i f i c a n t l y  dec rease  
t h e  r e fo rmer  e f f i c i e n c y ,  b u t  i f  s t i l l  h ighe r  p r e s s u r e  
were used t o  g a i n  h igher  r ecove ry  of  t h e  H 2 ,  i t s  i n -  
f l u e n c e  on t h e  steam reforming  e f f i c i e n c y  would have 
t o  be t a k e n  i n t o  account  f o  optimum c o n d i t i o n s .  
Fol lowing t h e s e  t e s t s ,  t h e  r e f o r m e r - d i f f u s e r  combinat ion was 
r u n  con t inuous ly  f o r  o v e r  250 hour s .  During t h i s  p e r i o d  t h e  
e f f e c t  o f  v a r y i n g  i n p u t  ra tes  and o f  t h r o t t l i n g  t h e  ou tpu t  
stream was a l s o  i n v e s t i g a t e d .  The r e s u l t s  of  these  t e s t s  
( T a b l e  XIX) are  i n  c h r o n o l o g i c a l  o r d e r  over  t h e  250-hour 
p e r i o d ,  Examination of  t hese  data  i n d i c a t e  t h e  fo l lowing :  
(1) There was no d e g r a d a t i o n  i n  performance o f  t h e  
u n i t  over  t h e  250-hour p e r i o d ,  (compare t e s t s  3 
and 1 5 )  and t h e  expe r imen ta l ly  observed  e f f i c i e n c i e s  
were w i t h i n  expe r imen ta l  e r r o r  of t h e  c a l c u l a t e d  
v a l u e s .  
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Throttling the output stream had a decided effect 
on efficiency: higher throttling produced higher 
efficiencies (compare tests 1, 2 ,  3 1 ,  Throttling 
tended to reduce the gas surge through the dif- 
fuser jacket when the solenoid valve opened and 
thus increased the average residence time in the 
diffuser 
The effect of input pate on performance was within 
experimental error of calculated values, These 
results confirmed the calculations and showed 
the validity of the calculation method for extrapo- 
lating the performance t o  larger units. 
In general, the testing results were quite promfsing, demonstrat- 
ing that very reasonably sized purification units can be assembled 
that will operate at high efficiency and reliability for a mini- 
mum of 250 hours. 
F. CONCLUSIONS AND SYSTEM COMPARISONS 
1 e System Comparisons 
A full systems analysis has not been attempted. However, enough 
data are now available t o  allow a meaningful comparison of the 
advantages and disadvantages of each system with respect to a 
number of important parameters. To be relevant, such a compari- 
son must be directed t o  the end use: the production of electric 
power in a fuel cell in a space environment. The reformer can 
be considered a "black box" whose sole function is to modify a 
fuel feed stream so that it can be more readily used in a fuel 
cell,, In this kind of analysis the characteristics and require- 
ments of the fuel cell itself are as important as the character- 
istics of the reformer, and the limitations of both components 
must be considered. 
a, Weight of Fuel Required for a Given Electrical Output 
The amperae-hours of H2 produced from a given weight 
of fuel for each system are listed in Table XX, based 
on current experfmental data, The data for the liquid 
phase reactor are straightforward since Aerozine-50 is 
the only feed, However, the steam reformer feed stock 
includes a large portion of H20 which complicates the 
analysis. If it is assumed that all necessary H20 is 
carried along separately on a space mission, then the 
relevant factor is the ampere-hours/g total feed, 
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However, t h e f u e l  c e l l  r e a c t i o n  produces water as a by-  
.p roduct ,  and i t  seems r e a s o n a b l e  t o  r e c y c l e  t h i s  
water t o  r educe  t h e  t o t a l  s y s t e m  w e i g h t ,  Calcu la-  
t i o n s  show t h a t  enough watena i s  a v a i l a b l e  from t h e  
f u e l  c e l l  r e a c t i o n  t o  con t inuous ly  supply  t h e  
r e fo rmer  w i t h  t h e  s t o i c h i o m e t r i c  r equ i r emen t s  as  
well  as a r e a s o n a b l e  e x c e s s .  The d e t a i l s  a r e  p re -  
s e n t e d  i n  Ref. 3c .  
b .  Product  Stream Composition 
The use  o f  a Pd membrane H2 p u r i f i c a t i o n  u n i t  would 
a l l o w  a pure  H2 f u e l  c e l l  feed stream, r e g a r d l e s s  of 
t h e  composi t ion o f  t h e  impure r e fo rmer  stream. If 
such  a u n i t  i s  not  used ,  t h e  i m p u r i t i e s  i n  t h e  
r e fo rmer  stream become impor t an t .  
The presence  o f  CO i n  t h e  product  stream from t h e  
r e fo rmers  has been d i s c u s s e d  p r e v i o u s l y .  Fue l  c e l l  
anodes have been r e p o r t e d  t h a t  w i l l  a c c e p t  up t o  1% 
CO i n  t h e  H2 feed (Ref.  7 ) .  Thus, s y s t e m  4 w i t h  a 
CO s h i f t  r e a c t o r  may produce a d i r e c t l y  u s a b l e  stream. 
The p re sence  o f  N 2  i n  t h e  product  stream from a11 t h e  
s y s t e m s  i s  impor tan t  because t h i s  d i c t a t e s  a purge on 
t h e  f u e l  c e l l  anode t o  ma in ta in  s u f f i c i e n t  H2 concen- 
t r a t i o n s  i n  t h e  c e l l .  S ince  some amount o f  H2 w i l l  b e  
l o s t  th rough t h i s  p r o c e s s ,  t h e  system e f f i c i e n c i e s  are 
co r re spond ing ly  reduced.  
A l l  o t h e r  p o s s i b l e  contaminants  can b e  accounted f o r  
as f o l l o w s .  I n  s y s t e m  1, UDMH, N H 3 ,  and p o s s i b l y  some 
amines (from UDMH decomposi t ion)  w i l l  a l s o  b e  p r e s e n t ,  
The use  of  such a stream d i r e c t l y  i s  somewhat q u e s t i o n -  
a b l e ,  and the  e f f e c t  o f  each  would have t o  b e  determined 
i n  c e l l  t e s t s .  A l l  a r e  b a s i c  compounds and i t  i s  
reasonably  c e r t a i n  t h a t  an a c i d  e l e c t r o l y t e  c e l l  could 
no t  a c c e p t  t h i s  stream wi thout  p r i o r  p u r i f i c a t i o n ,  
For  t h e  steam reforming  sys tems,  a l l  contaminants  
no t  p r e v i o u s l y  d i s c u s s e d  a re  e i t h e r  water s o l u b l e  
( e . g . ,  N H 3 ,  C 0 2 ,  DMA, e t c )  o r  i n e r t  (CHI , ,  e t h a n e ) .  
The wa te r - so lub le  components w i l l  c o n c e n t r a t e  i n  t h e  
condensed excess  water i n  t h e  re former  o u t p u t .  A phase 
s e p a r a t i o n  can b e  used t o  remove these  components, 
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c .  Heat Balance 
Heat ba l ances  were c a l c u l a t e d  f o r  each system and 
are inc luded  i n  T a b l e  XX.  The c a l c u l a t i o n  d e t a i l s  
a r e  i n c l u d e d  i n  Ref .  3c.  Sys t ems  1 and 2 are mod- 
e r a t e l y  exothermic and c o o l i n g  w i l l  be r e q u i r e d  to 
m a i n t a i n  t h e  r e a c t o r  t e m p e r a t u r e ,  With p rope r  hard- 
ware d e s i g n  a ba lance  might be p o s s i b l e  th rough  s imple  
r a d i a t i o n  l o s s e s .  System 4 i s  d e f i n i t e l y  endothermic 
and heat w i l l  have t o  be  s u p p l i e d  t o  m a i n t a i n  o p e r a t -  
i n g  t e m p e r a t u r e s .  The most l i k e l y  method o f  supp ly ing  
t h i s  heat i s  by 'hypepgcQ?$Q@ly burn ing  Aerozine-50 
and N204. T h i s  means t h a t  some o f  t h e  Aerozine-50 
i n p u t  t o  t h e  r e a c t o r  must be d i v e r t e d ,  C a l c u l a t i o n s  
show t h a t  0 . 0 7  mole o f  Aerozine-50 w i l l  be r e q u i r e d  
f o r  h e a t i n g  1 mole of  Aerozine-50 i n  t h e  r e f o r m e r ,  
T h i s  l i m i t s  t h e  maximum e f f i c i e n c y  t o  9 3 0 3 % .  
d .  Temperature  
The problem of removing was te  h e a t  f r o m  s p a c e c r a f t ,  
t h e  p o t e n t i a l  haza rds  involved  i n  o p e r a t i n g  equipment 
a t  h i g h  t e m p e r a t u r e ,  m a t e r i a l s  problems,  e t @ ,  a l l  
d i c t a t e  o p e r a t i n g  a t  as low a t empera tu re  as p o s s i b l e .  
However, f i n a l  s y s t e m  e f f i c i e n c i e s  and o t h e r  cons ide r -  
a t i o n s  may modify t h e  cho ice .  Trade-off  s t u d i e s  are  
r e q u i r e d  t o  c h a r a c t e r i z e  t h e  p o s s i b l e  c h o i c e s .  
e ,  Opera t ing  L i f e  
The p o t e n t i a l  o p e r a t i n g  l i f e  of t h e  m u l t i p l e  r e a c t o r  
steam reforming  system i s  w e l l  e s t a b l i s h e d  by t h e  
r e s u l t s  o f  t h e  1000-hour t e s t  
The r e s u l t s  w i t h  t h e  l i q u i d  phase r e a c t o r  a r e  not  as 
promising because of  t h e  drop i n  e f f i c i e n c y  exper ienced  
w i t h  t h e  b e s t  c a t a l y s t s  t e s t e d .  A f ea s ib l e  system f o r  
t h i s  a p p l i c a t i o n  may depend upon a p e r i o d i c  r egene ra -  
t i o n  of  t h e  c a t a l y s t  ( e e g . ,  a p e r i o d i c  f l u s h  w i t h  H20>, 
and t h e  development of a p h y s i c a l l y  s t r o n g e r  c a t a l y s t .  
The bes t  i n t e r m e d i a t e  t empera tu re  r e a c t o r  ( t h e  pre- 
r e a c t o r  i n  t h e  m u l t i p l e  sys tem)  a l s o  showed a marked 
d e c r e a s e  i n  performance t h a t  was due t o  a g r a d u a l  
bu i ldup  o f  carbon d e p o s i t s  on t h e  c a t a l y s t .  T h i s  s i t u -  
a t i o n  could  undoubtedly be improved b y  h i g h e r  H20 con- 
t e n t s  i n  t h e  feed s t r eam and l a r g e r  amounts of  c a t a l y s t ,  
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2 .  Conclusions and Recommendations 
The most promis ing  sys tem based on o v e r a l l  performance i s  un- 
doubtedly  t h e  m u l t i p l e  r e a c t o r  steam re fo rmer .  We have demon- 
s t r a t e d  a combined steam reforming-C0 s h i f t  r e a c t o r  system 
t h a t  produces w i t h  h igh  e f f i c i e n c y  a f u e l  c e l l  g a s  feed stream 
composed of  70  mol-% H 2 ,  1 8  n;ol-% N 2 ,  1 2  mol-% C 0 2  ( a f t e r  
s e p a r a t i o n  o f  t h e  e x c e s s  H 2 0 ) .  The CO c o n t e n t  o f  t h e  stream 
i s  0 . 3  mol-% or l e s s .  T h i s  stream cou ld  be  f ed  d i r e c t l y  to a 
f u e l  c e l l  w i t h  a C 0 2  r e j e c t i n g  e l e c t r o l y t e  ( e i t h e r  a c i d ,  c a r -  
bonate  o r  acid.  i o n  exchange membrane). If t h e  C 0 2  c o n t e n t  of 
t h e  stream were scrubbed  o u t ,  t h e  stream could  b e  used  w i t h  a n y f u e l  
c e l l  e l e c t r o l y t e .  A CO-tolerant anode c a t a l y s t  would be  n e c e s s a r y .  
lf' a Pd membrane p u r i f i c a t i o n  u n i t  were used ,  t h e  stream cou ld  b e  
used w i t h  any H 2 - u t i l i z i n g  f u e l  c e l l  s i n c e  a comple te ly  p u r e  H 2  
stream would r e s u l t .  
I n  f u r t h e r  work w i t h  t h e  m u l t i p l e  r e a c t o r  steam re fo rmer  i t  i s  
recommended t h a t  a much more c a r e f u l  p a r a m e t r i c  s tudy  be  made of  
b o t h  t h e  i n d i v i d u a l  components and t h e  o v e r a l l  s y s t e m .  I n  p a r t i c -  
u l a r ,  t h e  e f f e c t  o f  r e s i d e n c e  t ime,  H 2 0  e x c e s s ,  t empera tu re ,  and 
p r e s s u r e  should  be determined f o r  each  r e a c t o r  to ensu re  p r o p e r  
d e s i g n  and o p e r a t i o n  o f  t h e  components i n  t h e  f i n a l  module. The 
p o s s i b i l i t y  o f  e n t i r e l y  e l i m i n a t i n g  t h e  p r e - r e a c t o r  by  p r o p e r  
d e s i g n  of  a prehea ter  should  b e  exp lo red .  The r e sponse  to 
t r a n s i e n t  changes i n  o p e r a t i n g  c o n d i t i o n s  should  b e  determined 
i n  o r d e r  to d e l i n e a t e  t h e  amount of  measurement-control equipment 
n e c e s s a r y .  F i n a l l y ,  t h e  o p e r a t i o n  o f  t h e  e n t i r e  system a t  a s i n g l e  
p r e s s u r e  i n  t h e  range  2 5  t o  LOO p s i g  should be  determined i n  a n  
e f f o r t  to e l i m i n a t e  t h e  compressor r equ i r emen t s  f o r  t h e  Pd d i f f u s e r .  
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I V  a DECOMPOSITION OF N 2 0 4  TO PRODUCE 
AN OXYGEN-RICH FEED STREAM 
A e BACKGROUND 
The o b j e c t i v e  o f  t h i s  task was t o  decompose n i t r o g e n  t e t r o x i d e  
t o  N 2  and 02 i n  a s imple  c a t a l y t i c  f l o w  r e a t o r  t o  p rov ide  an  
oxygen-r ich s t ream f o r  a f u e l  c e l l .  The decomposi t ion o f  N 2 O 4  
occurs  i n  s e v e r a l  s t e p s ,  depending on t h e  c o n d i t i o n s  used .  It 
i s  g e n e r a l l y  accep ted  t h a t  t h e  decomposi t ion occur s  as shown 
below. 
N 2 O 4  2 N O 2  
AH = d 3 . 9  Kcal/g-mole 
complete  t o  N O 2  above 1 4 0 ° C  
2 N 0 2  e 2N0 -I- 0 2  
AH = 913.5 Kcal/g-mole 
complete  t o  N O  above 6 0 0 0 ~  
2N0 6 N 2 9  02 
AH = -21.5 Kcal/g-mole 
c a t a l y t  i c  
Reac t ions  2 1  and 2 2  a r e  homogeneous and r e v e r s i b l e  ( R e f .  8 ) .  It i s  
e v i d e n t  t h a t  any oxygen l i b e r a t e d  by r e a c t i o n ( 2 2 ) m u s t b e  used o r  o the r -  
wise removed flaom t h e  r e a c t i o n  s i t e  b e f o r e  t h e  t empera tu re  i s  reduced .  
The oxygen l i b e r a t e d  by r e a c t i o n  ( 2 3 )  i s  no t  recombined when t h e  
t empera tu re  i s  reduced .  Thus, t h e  decomposi t ion o f  N 2 O 4  r e a l l y  
depends on t h e  c a t a l y t i c  d i s s o c i a t i o n  o f  N O .  
S e v e r a l  i n v e s t i g a t o r s  have found t h a t  NO can be decomposed on suit- 
a b l e  c a t a l y s t s  when it  i s  c o n t a i n e d  i n  h i g h  d i l u t i o n  i n  a stream o f  
i n e r t  gas o r  i n  a s t r eam c o n t a i n i n g  carbon monoxide (ReTs. 9,lO). 
It i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  t h e  r e p o r t e d  work t h e r e  were i n d i -  
c a t i o n s  t h a t  r e a c t i o n  p r o d u c t s ,  p a r t i c u l a r l y  oxygen, i n t e r f e r e  w i t h  
t h e  decomposi t ion o f  n i t r i c  o x i d e ,  
S e v e r a l  s t u d i e s  ( R e f s ,  11, 1 2 )  have been made a t  much h i g h e r  tempera-  
t u r e s  (800 -14OO0C)  where n i t r i c  ox ide  ( N O )  has been decomposed. It 
is no t  c l e a r  i f  these  r e s u l t s  were the rma l  o r  c a t a l y t i c  decomposi- 
t i o n ,  I n  rev iewing  t h i s  work i t  a l s o  becomes appa ren t  t h a t  t he re  
i s  some d isagreement  about  t h e  r e a c t i o n  p r o d u c t s  formed. 
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The greatest difference between the work done in our study and 
that done by previous workers is in the concentration of nitro- 
gen oxides in the reactor stream. In the earlier work a maxi- 
mum of 2000 ppm NO2 or NO in the gas stream was used, In.the 
work reported here pure N2O4 was fed to the reactor with no 
inert gas dilution. 
B o  INITIAL CATALYST SCREENING 
1. Equipment and Procedure 
Our approach to finding the best.catalysts and operating condi- 
tions for decomposing N204 to nitrogen and oxygen is based on 
studies utilizing the reactor shown schematically in Figure 8. 
This reactor system was designed to permit operation from 
50-8OO0C, using a wide range of flow rates. The residence time 
and space velocity of the reactants can also be varied easily. 
The analysis of the product stream is determined by cooling 
the gas stream from the reactor and passing it through a time 
delay tube of adequate residence time to assure that reaction 
(22) is complete to N02. 
The calculation of the tube size was based on the work of Treacy 
and Daniels (Ref. 13). This calculation was checked using high 
flow rates of N204 thermally decomposing to NO + 02 at 6 0 0 0 ~  and 
feeding the mixture to the delay tube. A cold trap following 
the tube collected the N2O4 formed. No gas was detected down- 
stpeam from the trap, indicating all the NO + 02 had recombined, 
The NO2 in the product stream was condensed and fpozen out in 
the cold trap using a Dry Ice/Triclene mixture. The remaining 
products (NO, N2, 0 2 )  were passed to a wet-test meter for total 
volume or to either a VPC or oxygen analyzer for composition 
determination. 
The reactor temperature was measured and controlled using iron- 
constantan thermocouples with a West controller and a Honeywell 
recorder. The feed flow rates were determined using calibrated 
flow meters manufactured by Brooks Instruments. 
Each c,atalyst was packed in a 3/4-in, ID stainless steel tube 
to the depth of 12 inches. The remainder of the tube was then 
filled with porcelain chips to provide preheating of the gas 
stream and support for the catalyst bed. Initial tests consisted 
of heating the tube to four temperatures (200, 400, 600, and 800°C) 
while passing N204 through it, 








2 ,  R e s u l t s  and Di scuss ion  
Twenty-two c a t a l y s t s  were sc reened  i n i t i a l l y .  Data i n  Tab le  X X I  
show t h a t  none o f  them e x h i b i t e d  s u f f i c i e n t  a c t i v i t y  t o  be u s e f u l  
a t  t empera tu res  below 750-80O0CO D e t a i l e d  data on a l l  c a t a l y s t s  
t es ted  are i n c l u d e d  i n  Refs, 3 a , b , c ) ,  
The s c r e e n i n g  t es t s  were performed u s i n g  20  grams p e r  hour  of 
N 2 0 4  feed. A t  t h i s  feed r a t e ,  1 0 0 %  decomposi t ion  o f  t h e  N 2 0 r ,  
would y i e l d  0 .511  cu f t / h r  o f  gas of t h e  composi t ion 66.6 mol-% 
0 2 ,  33.3 mol-% N 2 .  The h ighes t  gas e v o l u t i o n  r a t e  ob ta ined  was 
0 . 3 2  cu f t / h r  o f  a gas t h a t  approximates  t h e  2 : 1 - O 2 : N 2  mole r a t i o  
(see Test 77457-1, Table  X X I )  which r e p r e s e n t s  it conver s ion  
e f f i c i e n c y  of  6 2 . 6 % .  
c a t a l y s t  a t  8OOOC. With o t h e r  ca ta lys t s  having  some a c t i v i t y  a t  
8OO0C, t h e  gas e v o l u t i o n  r a t e  was reduced  by a t  least  50% when 
t h e  t empera tu re  was lowered t o  7 O O 0 C .  
T h i s  was o b t a i n e d  u s i n g  a 0.5% p la t inum 
The nob le  metals have shown a c t i v i t y  f o r  decomposfng N 2 O 4 .  The 
e x t e n t  of  t h i s  a c t i v i t y  appears t o  be r e l a t ed  t o  t h e  suppor t  
used o r  t h e  method o f  a p p l i c a t i o n  t o  t h e  s u p p o r t .  Tests  77433 
and 77455 i l l u s t r a t e  t h i s  b e h a v i o r ,  I n , b o t h  t e s t s ,  t h e  a c t i v e  
material  was p l a t i n u m  and t h e  suppor t  was a lumina ,  The c a t a l y s t s  
were prepared by d i f f e r e n t  s u p p l i e r s ,  and t h e  performance d i f f e r -  
ence a t  8OOOC i s  obv ious ,  
The pa l l ad ium c a t a l y s t  t e s t ed  showed t h e  same o rde r  o f  a c t i v i t y  
a t  8OOOC as t h e  b e s t  p l a t inum c a t a l y s t ,  Test 77441 i n d i c a t e d  
t h e  gas e v o l u t i o n  r a t e  change as t h e  t empera tu re  was iowered,  
T h i s  c a t a l y s t  was a c t i v e  i n  t h e  750-8OO0C r a n g e ,  and was on ly  
m i l d l y  a c t i v e  a t  700OC. No a c t i v i t y  was appa ren t  a t  65OoC, 
A t e s t  o f  t h e  rhodium c a t a l y s t  showed o n l y  mi ld  a c t i v i t y  a t  
8OOOC ( s e e  Test 7 7 4 4 4 ) .  
N i c k e l ,  copper ,  i r o n ,  and s i l v e r  metals were t e s t ed ,  Where t h e  
reduced  metal was t h e  a c t i v e  material on t h e  s u p p o r t ,  t h e  metal 
was o x i d i z e d  a t  200  and 4 0 0 O C  by t h e  N 2 O 4  ( s e e  Test 77429, 77437, 
and 77453).  
was most ly  n i t r o g e n .  The composi t ion  s h i f t e d  g r a d u a l l y  t o  n i t r i c  
o x i d e  j u s t  b e f o r e  t h e  f low s topped ,  i n d i c a t i n g  t h e  o x i d a t i o n  of t h e  
c a t a l y s t  was comple te .  Only t r a c e  amounts of oxygen were found.  
A t  h igher  t e m p e r a t u r e s  these c a t a l y s t s  e x h i b i t e d  no a c t i v i t y  f o r  
decomposing N2O4. 
Th gas evolved  d u r i n g  t h i s  p o r t i o n  o f  t h e  t e s t s  
g copper  ox id  n suppor ted  
a lumina ,  wa composi t ion  ( Test 7 7 4 6 l ) ,  
This  ca taby  a c t i v e  as p l a  urn o r  pa l l ad ium 
c a t a l y s t s ,  ave t h e  g r e a t  a b s o r p t i o n  f o r  oxygen 
t ha t  caused i o n  observed w i t h  t h e  P t  and Pd c a t a -  
l y s t s ,  The catalyst did display the typical decrease of  activity 
as the temperature was reduced from 8 0 0 0 ~  (see Tests 77462-2 and 
77462-3) e 
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The a c i d  z e o l i t e  and base- type m a t e r i a l s  e x h i b i t e d  no a c t i v i t y  
( s e e  T e s t s  77426  and 77443) .  
F i f t e e n  o t h e r  c a t a l y s t s  were e v a l u a t e d  b e f o r e  t h e  r e a c t o r  s y s -  
tem was r e b u i l t ,  The r e s u l t s  of' t h e s e  t e s t s  a r e  g iven  i n  
Table X X I I .  The N 2 O 4  i n p u t  r a t e  i n  t h e s e  t e s t s  was 20  g/hour .  
The ou tpu t  expec ted  f o r  1 0 0 %  conver s ion  i s  0 . 5 1 1  cu f t  of gas  
(STP)  c o n s i s t i n g  o f  6 6 . 6  mol-% 0 2  ( remainder  N 2 ) .  The s h o r t  
t e s t i n g  p e r i o d  d i d  no t  a l low e q u i l i b r i u m  t o  be  r eached .  However, 
a comparison of  t h e  e v o l u t i o n  r a t e s  between c a t a l y s t s  a t  i d e n t i -  
c a l  c o n d i t i o n s  i s  s u f f i c i e n t  t o  show which c a t a l y s t s  a r e  a c t i v e  
enough t o  warran t  more e x t e n s i v e  t e s t i n g .  I n  t h i s  s e r i e s  o f  
t e s t s  t h e  fo l lowing  c a t a l y s t s  showed t h e  b e s t  a c t i v i t y :  
2 %  Pd on alumina 
0 ,5$  P t  on a molecular  s i e v e  base  
10% CuO on alumina 
G - 1 2  n i c k e l  
C .  SECONDARY CATALYST S C R E E N I N G  
1. Equipment M o d i f i c a t i o n s  
The expe r imen ta l  r e a c t o r  m o d i f i c a t i o n s  had two o b j e c t i v e s :  
(1) t o  a l low cont inuous  ( o v e r n i g h t )  o p e r a t i o n  s o  t h a t  c a t a l y s t  
a c t i v i t i e s  could be e v a l u a t e d  over  l o n g e r  time p e r i o d s ;  and 
( 2 )  t o  a l l o w  f o u r  r e a c t o r  t e s t s  t o  be run  a t  i d e n t i c a l  condi -  
t i o n s  s imul t aneous ly .  The f i r s t  o b j e c t i v e  was cons ide red  neees-  
sary because t h e r e  were d e f i n i t e  i n d i c a t i o n s  t h a t  c a t a l y s t  a c t i v -  
i t y  can vary  g r e a t l y  w i t h  t ime .  F o r  example,  t h e  p r e c i o u s  me ta l  
c a t a l y s t s  appeared t o  improve a f t e r  an  i n i t i a l  c o n d i t i o n i n g  
p e r i o d ,  wh i l e  CuO c a t a l y s t s  appeared t o  d e t e r i o r a t e .  Overnight  
o p e r a t i o n  was e s s e n t i a l  t o  r e l i a b l y  de te rmine  behav io r .  The 
m u l t i p l e  r e a c t o r  d e s i g n  o f f e r s  s e v e r a l  advan tages .  Bes ides  
i n c r e a s i n g  t h e  s c r e e n i n g  c a p a b i l i t i e s ,  t h e  p o s s i b i l i t y  of  con- 
n e c t i n g  any o r  a l l  of t h e  r e a c t o r s  i n  s e r i e s  would g r e a t l y  expand 
t h e  r e s i d e n c e  t ime a v a i l a b l e  f o r  c h a r a c t e r i z i n g  a s i n g l e  c a t a l y s t .  
A schematic  of t h e  modif ied equipment i s  shown i n  F igu re  9 .  The 
o p e r a t i o n  o f  t h i s  r e a c t o r  was e s s e n t i a l l y  t h e  same as f o r  t h e  
s c r e e n i n g  r e a c t o r ;  however, c o n t r o l  and i n s t r u m e n t a t i o n  equipment 
were added. S ince  i n p u t  r a t e s  a r e  much more c r i t i c a l  f o r  a c t u a l  
c a t a l y s t  c h a r a c t e r i z a t i o n  (as  opposed t o  s imple  s c r e e n i n g  f o r  
g r o s s  a c t i v i t y ) ,  t h e  f low meters  were c a r e f u l l y  c a l i b r a t e d  b y  
two independent  methods 
Tahle X X I I  
CATALYTIC DECOMPOSITION OF N 2 0 4  
Reactor 
Run No. Catalyst C ft9/hr hr 
Te,mP Gas Evolved, Run Duration, 
Notes 
77460-1 Cu-2501T 200 3.6 x * 1.0 Flow stopped a t  32 minutes 
77460-2 6$ Copper 4 00 0 1.0 
77460-3 Carbonate 600 0 1.0 
77460-4 800 0 1.0 
77461-1 Cu-0803T 200 1.25 x 1.0 Flow stopped a t  30 minutes 
77461-2 l @  Copper 4 00 0 1.0 
77461-3 Oxide 600 2.3 x 1.0 
77461-4 800 9.4 x 10-2 1.0 
77461-4 800 12.4 x 1 .o 
Cont. 
9.2 x 1.0 
6.0 x 0.25 
77462-1 Cu-0803T 750 
77462-1 l @  Copper 700 
Cont. Oxide 
77463-1 Cu-0905T 200 2.5 x 1.0 Flow stopped a t  30 minutes 
77463-2 l @  Copper 4 00 0 0.83 
77463-3 Chloride 600 0 1.0 
77463-4 750 0.35 x 1.25 
77464-1 Cu-0307T 200 2.6 x 1.0 Flow stopped a t  30 minutes 
77464-2 9 9  Copper 400 0 1.0 
77464-3 Oxide 600 0 
77464-4 750 5.4 x 10-2 1.0 
200 0.5 x ioq2  1 .0  Flow stopped a t  30 minutes 77466-1 4747 0.5% 
77466-2 Rhodium 400 
77466-3 600 
77466-4 77 5 
0 1.0 
0.9 x 10-2 0.83 
12.8 x 10'" 0.25 
77467-1 G-33A' Nickel 200 6.1 x 1 .0  
77467-3 600 0 1.0 
77467-4 800 3.7 x 10-2 1.0 
77467-2 Oxide 4 00 7.4 x 1.0 VPC Analysis - NO 
77468-1 G-12 Nickel 200 11.4 x lo-' 1.0 
77468-2 4 00 6.6 x 10-2 0.5 
77468-4 800 32.8 x 1.0 
77468-4 800 26.6 x 3.0 
77468-3 600 0.9 x 10-9 1.0 Flow stopped a t  40 minutes 
Cont. 
77470-1 C-3884 2$ Pd 200 2.4 x lo-" 1.0 Flow stopped a t  30 mznutes 
77470-2 Engelhard 4 00 0 1.0 
77470-3 600 0 1.0 
77470-4 800 11.6 x 1.0 
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Table XXI (Continued) 
ReaOtor 
Temp, Gas Evolved, Run Duration, 
Notes -Run No. Catalyst - O C  ftS/br hr 
77471-1 15% Pd 
77471-2 MBC 
77471-3 
200 0.2 x 10'" 1.0 
4 00 0 1.0 
600 Reactor blocked 
0.5 x 1Wz 1.0 Flow stopped a t  30 minutes 77472-1 2$ P t  200 
77472-2 Engelhard 400 0 1.0 
77472-3 600 0 Reactor blacked 
77473-1 0.5s P t  200 3.4 x 10-2 1.25 
77473-2 NZ Reduced 400 0 1.0 
77473-3 on Molecular 600 0.8 x 10-2 1.0 
77473-4 Sieve 800 21.0 x 10-p 1.0 
77475-1 56 Pd on 200 2.w 
jj4j5-2 Silica 400 0.03* 
774753 (Monsanto 600 0.2* 





Flow stopped a t  30 minutes 
77476-1 A1-XL 200 1.6* 
77476-3 6% Boos 606 0 
77476-4 800 0 
77476-2 No. 2247 4 00 0#3* 
Flow stopped a t  15 minutes 
0.75 Flow atOPp8d at  30 minutes 
0.75 
0.75 
77478 -1 A 1  -X-L262l 200 1.85* 1.0 Flow stopped a t  30 minutes 
4 00 1.4W 1.0 Flow stopped a t  30 minutes 
600 0.2* 0.75 Blow etopped at 30 minutes 77478-2 
800 0 1.0 
77478-2 
77478- 
* Quantlty of gas evolved during the e n t i r e  run. 
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Figure g 1  M u l t i p l e  N2O4 Reactors Schematic 
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2. Seeondary Catalyst Screening 
The four catalysts listed above, the best from the screening 
runs, were tested continuously for times upto 13 days at 800 
and 850°C, The results of these tests are summarized in 
Table XXIII. 
Only the Pt catalyst maintained its activity over the 13-day 
period, This catalyst showed an initial decline in activity 
(69% t o  53% conversion), but then maintained the same level 
for five days. Increasing the temperature t o  850°C caused an 
apparent reduction in the conversion efficiency ( t o  about 42%). 
However, gas chromatographic analysis of the product stream 
gave 02/N2 ratios of less than 2:1, indicating a loss of 0 2  
somewhere in the system, The reactor tube was fabricated from 
316-stainless steel. A check of the corrosion resistance of 
this material shows that substantial oxidation could have oc- 
curred, explaining the apparent loss of 0 2  from the product 
stream at 850°C. Stainless alloy 310 has much better oxida- 
tion resistance at these temperatures, and reactor tubes fabri- 
cated from this alloy were procured for further testing. 
D e  LONG-TERM RUNS 
1. Preliminary Testing 
The reactor system was modified for long-term testing. The 
final system used is shown schematically in Figure LO. The 
operation of this reactor is similar t o  the screening test 
reactor opelaation described haprevious section except that 
the residence time in this reactor was quadrupled by connecting 
the reactor tubes in series. 
Preliminary testing was concentrated on determining the optimum 
operating condftions t o  be used with the Engelhard 2% Pt-on- 
alumina catalyst. Another objective was t o  check the operation 
of the system during extended continuous service. The results 
of these tests are shown in Figure 3.1. 
Several conclusions can be drawn from this testing. First, 
it  is apparent from the data that the reactor temperature can- 
not be reduced much below 800°C without a drop in conversion 
efficiency. Also, some decline in conversion efficiency with 
time was noted, indicating some reduction in catalytic activity. 
Greater than 100% decomposition efficiencies were calculated 
when the feed rates were reduced. It is apparent that the 
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measurements were made. An a n a l y s i s  of  t h e  o p e r a t i n g  condi -  
t i o n s  i n  t h e  r e a c t o r  system i n d i c a t e s  t h a t  a long  t ime p e r i o d  
may be r e q u i r e d  f o r  s t e a d y - s t a t e  c o n d i t i o n s  t o  be a t t a i n e d  
a f t e r  a change i n  t empera tu re  o r  r e a c t a n t  f low r a t e .  The 
f a c t o r s  t h a t  p l a y  a major  r o l e  i n  t h e  slow e q u i l i b r a t i o n  of  
t h e  s y s t e m  a f t e r  a change i n  c o n d i t i o n s  a r e  t h e  s h i f t  i n  t h e  
l o c a t i o n  of t h e  r e a a c t i o n  s i t e s ,  changes i n  t h e  gas phase and 
adsorbed phase composi t ion ,  and changes i n  t he  c a t a l y s t  a c t i v i t y  
a s s o c i a t e d  w i t h  t h e s e  composi t ion changes.  It i s  e s t i m a t e d  t h a t  
complete e q u i l i b r a t i o n  o f  t h e  s y s t e m  may r e q u i r e  as long  as 1 6  
t o  24 hours  a f t e r  a change i n  o p e r a t i n g  c o n d i t i o n s .  
2. 1000-Hour Tes t  
The 1000-hour t e s t  was s ta r ted  on 15 December 1965 u s i n g  f o u r  
r e a c t o r  t u b e s  i n  s e r i e s  c o n t a i n i n g  a t o t a l  of  324 grams o f  2% 
pla t inum c a t a l y s t ,  Each r e a c t o r  t u b e  was f i t t e d  w i t h  a thermo- 
couple  i n  t h e  c e n t e r  o f  t h e  c a t a l y s t  bed .  The s t a n d a r d  t e s t  
c o n d i t i o n s  s e l e c t e d  were 800OC wi th  a f e e d  r a t e  o f  20  g of  N 2 O 4  
p e r  hour .  Conversion e f f i c i e n c i e s  were determined by sampling 
bo th  t h e  i n p u t  and ou tpu t  s t reams and a n a l y z i n g  f o r  N201, b y  t h e  
peroxide  a c i d  t i t r a t i o n  method. Very few mechanical  problems 
were encountered .  A thermocouple  burned o u t  i n  one o f  t h e  
t u b e s  a f t e r  750 hours and had t o  be r e p l a c e d ,  Less t h a n  one 
hour o f  down t ime r e s u l t e d .  
The conve r s ion  e f f i c i e n c y  o b t a i n e d  under  t h e  s t a n d a r d  c o n d i t i o n s  
d u r i n g  t h e  1000-hour p e r i o d  i s  shown i n  Table  X X I V .  
Table  X X I V  
N 2 O 4  REACTOR CONVERSION EFFICIENCY 
8OO0C, 20 Grams N 2 O 4  Feed/Hr 
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After 80  hours  o f  o p e r a t i o n ,  c a t a l y s t  a c t i v i t y  d e c l i n e d  as 
i n d i c a t e d  by t h e  d e c l i n e  i n  t h e  N 2 O 4  conve r s ion  e f f i c i e n c y  
(from 99 t o  7 9 % ) .  S h i f t s  i n  t h e  i n d i v i d u a l  r e a c t o r  i n t e r n a l  
tempera tureswere  a l s o  no ted  a t  t h i s  t i m e .  A t  t h e  beginning  
o f  t h e  t e s t  a l l  o f  t h e  r e a c t o r s  were w i t h i n  10°C o f  800°C. 
After 80 hour s  t h e  t empera tu re  of  t h e  f i r s t  r e a c t o r  t u b e  had 
dropped t o  765Oc, t h e  second t u b e  remained a t  8oo0c,  t h e  t h i r d  
had r i s e n  t o  845OC, and t h e  f o u r t h  t u b e  was a t  810°C. It i s  
p o s s i b l e  t h a t  t h e  t empera tu re  v a r i a t i o n s  i n d i c a t e d  a s h i f t  i n  
t h e  predominant r e a c t i o n  i n  t h e  f i r s t  r e a c t o r  t o  s i m p l e  
r e a c t a n t  h e a t i n g  p l u s  decomposi t ion :  
N O 2  = NO t 1 / 2  0 2  (endothermic)  ( 2 4 )  
The exothermic decomposi t ion o f  NO i n  t h e  f o l l o w i n g  s e c t i o n s  
would e x p l a i n  t h e  t empera tu re  i n c r e a s e  i n  these  r e a c t o r s .  
After t h e  conve r s ion  e f f i c i e n c y  had s t a b i l i z e d ,  t h e  e f f e c t  o f  
r e s i d e n c e  t i m e  was de termined  by  v a r y i n g  t h e  feed ra tes  ove r  
t h e  range  of  6 t o  29  g N204/hour. A t  l eas t  1 6  hours  were 
a l lowed f o r  e q u i l i b r a t i o n  b e f o r e  conve r s ion  data were t a k e n ,  
The r e s u l t s  o f  t hese  t e s t s  a re  shown i n  F i g u r e  12. It i s  
appa ren t  t h a t  much l o n g e r  r e s i d e n c e  times o r  c a t a l y s t  volumes 
would b e  r e q u i r e d  f o r  conve r s ion  e f f i c i e n c i e s  above 85%.  The 
two extreme p o i n t s  on t h i s  curve  were rechecked a f t e r  t h e  
1000-hour t e s t  was completed and were w i t h i n  expe r imen ta l  
e r r o r  of  t h e  e a r l i e r  r e s u l t s .  The data  f i t  a second-order 
p l o t  r easonab ly  w e l l ,  i n d i c a t i n g  t h a t  t h e  o v e r a l l  r e a c t i o n  
i s  second o r d e r  w i t h  r e s p e c t  t o  N 2 O 4 .  
E .  C O N C L U S I O N S  AND RECOMMENDATIONS 
We have demonstrated an  N 2 O 4  decomposer t h a t  w i l l  conve r t  
80-85% of  i n p u t  N 2 O 4  t o  a gas stream c o n s i s t i n g  o f  a 2:l 
mole r a t i o  o f  0 2  t o  N 2 .  The ou tpu t  stream i s  contaminated 
w i t h  unconverted N 2 O 4  and probably  cou ld  be used d i r e c t l y  
only  i n  a c o n t a i n e d - e l e c t r o l y t e  o r  f r e e - a c i d  e l e c t r o l y t e  
f u e l  c e l l .  Some HN03-HN02  w i l l  b e  formed i n  t h i s  e l e c t r o -  
l y t e ,  bu t  t h e  d i s s o l v e d  N 2 O 4  would be  i n  e q u i l i b r i u m  w i t h  NO 
i n  t h e  exhaus t  stream and would be consumed e l e c t r o c h e m i c a l l y  
so t h a t  a s t e a d y  s t a t e  c o n c e n t r a t i o n  would r e s u l t .  We have 
demonstrated p r e v i o u s l y  t ha t  a P t - con ta in ing  H 2  anode might 
o p e r a t e  s a t i s f a c t o r i l y  i n  such a contaminated e l e c t r o l y t e .  
However, an  a c i d  i o n  exchange membrane c e l l  p robably  cou ld  
no t  be used w i t h  t h i s  stream because o f  o x i d a t i v e  a t t a c k  on 
t h e  membrane. 
For  use  i n  a n  a l k a l i n e  o r  i o n  exchange membrane c e l l ,  t h e  
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We had expec ted  t o  demonst ra te  greater  t h a n  97% conver s ion  
e f f i c i e n c y  by p r o v i d i n g  i n c r e a s e d  r e s i d e n c e  t ime  i n  t h e  
r e a c t o r .  T h i s  would have demonstrated t h e  f e a s i b i l i t y  o f  
sc rubbing  t h e  s t r eam w i t h  a column c o n t a i n i n g  molecular  
s i e v e s  o r  KOH p e l l e t s .  A t  80-85% conver s ion ,  however, t h i s  
method i s  n o t  f e a s i b l e  f o r  any r e a s o n a b l e  o p e r a t i n g  t i m e  
because t h e  weight of t h e  sc rubbe r  would be t o o  h i g h .  
F igu re  1 2  i n d i c a t e s  t h a t  t h e  weight  of  c a t a l y s t  r e q u i r e d  
t o  r e a c h  97% convers ion  would a l s o  be p r o h i b i t i v e ,  Fo r  
example, a t  an  8 0 %  convers ion  only  1 6 . 4  l b  o f  c a t a l y s t  
would be  r e q u i r e d  t o  supply  a 1 KW f u e l  c e l l  module w i t h  02. 
F o r  97% e f f i c i e n c y ,  t h i s  f i g u r e  i s  over  1 0 0  l b  o f  c a t a l y s t ,  
Our f i r s t  recommendation was t o  develop a c a p a b i l i t y  t o  r e -  
move r e s i d u a l  N2O4 from t h e  r e a c t o r  product  s t r eam.  T h i s  
program was under taken  as a pa r t  o r  t h e  c u r r e n t  c o n t r a c t  
and i s  r e p o r t e d  i n  a l a t e r  s e c t i o n  of  t h i s  r e p o r t .  
Beyond t h i s ,  much could  be done t o  op t imize  t h e  r e a c t i o n .  
S p e c i f i c a l l y ,  t h e  l o s s  i n  performance w i t h  t ime should be 
i n v e s t i g a t e d ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t h e  e f f e c t s  o f  
i m p u r i t i e s  i n  t h e  t a n k  N2O4. The e f f e c t s  o f  h i g h e r  P t  load-  
i n g s ,  c a t a l y s t  p e l l e t  s i z e ,  h i g h e r  p r e s s u r e  o p e r a t i o n ,  and 
h i g h e r  t empera tu re  o p e r a t i o n  w i t h  more r e s i s t a n t  r e a c t o r  
materials,  a l l  should  be i n v e s t i g a t e d  s o  t h a t  t r a d e - o f f s  can 
be made i n  f i n a l  s y s t e m  d e s i g n .  
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V. ELECTROCHEMICAL DEVELOPMENT FOR DIRECT REACTANT 
USE AND OPERATION ON REFORMER PRODUCT STREAMS 
A. BACKGROUND 
Work on the previous contract (Ref. 2) had demonstrated long- 
term operation of a full cell operating on gaseous N2O4 and N2H4 
dissolved in H3P04 electrolyte. The cathode used in this work 
was a proprietary, hydrophobic but vapor-permeable carbon-PTFEQ 
electrode (termed the "MRD" electrode). The anode was a noble- 
metal-catalyzed (no carbon) version of this electrode that was 
made sufficiently porous to operate as a flow-through electrode. 
A special multicomponent separator-electrolyte combination com- 
pleted the cell assembly. 
In these tests the N2O4 coulombic efficiencies were low with a 
single pass of reactant gas ( 7 . 7 %  based on reduction to NO). 
The dissolved fuel, .pumped electrolyte configuration could have 
caused added complexities in systems designed for zero gravity 
operation. Also, operation on Aerozine-50 with the UDMH com- 
ponent of the fuel included Was not documented extensively. 
With the foregoing considerations in mind, the objectives of 
this task were t o  develop electrode structures and techniques 
that would allow the direct utilization of gaseous N2O4 and 
Aerozine-50 (50 wt % N2H4, 50 wt-% UDMH) as reactants in a 
fuel cell, A further requirement was that these reactants be 
used efficiently in a single pass through the electrode chamber 
of the fuel cell. Finally, the operation of fuel cells on the 
reformer product streams were to be investigated. 
B. CATHODE OPTIMIZATION 
1. Background 
Although the MRD carbon-PTFE cathode has demonstrated adequate 
polarization characteristics, the coulombic efficiencies must 
be improved. Three areas were investigated to achieve this: 
( a )  Improved gas manifold design to minimize N z O 4  
purging losses. 
(B) Attempts to limit and control diffusion of 
N2O4 through the carbon-PTFE electrode and 
prevent losses by solution in the electrolyte. 
(e) A catalyst study aimed at electro-reducing 
N2O4 completely t o  N2. 
Q 
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2 .  Design of E l e c t r o d e  Holders  and Man i fo ld ing  
a .  Design Cons ide ra t ion  
I n  t h e  a c t u a l  o p e r a t i o n  of a ca thode  w i t h  N 2 O 4  s u p p l i e d  
t o  t h e  back o f  t h e  e l e c t r o d e  v i a  a p p r o p r i a t e  man i fo ld ing ,  s e v e r a l  
p r o c e s s e s  must be t a k e n  i n t o  accoun t .  I n  p r a c t i c e ,  p roduct  NO o r  
N, d i f f u s e s  back through t h e  e l e c t r o d e  from t h e  c a t a l y t i c a l l y  
a c t i v e  s i t e s  t o  t h e  bulk  o f  t h e  r e a c t a n t  s t r eam,  w i t h  a conse- 
quent  d i l u t i o n  e f r e c t  on t h e  N 2 0 4  ( N O , )  c o n c e n t r a t i o n .  H,O 
formed can e n t e r  t h e  e l e c t r o l y t e  o r  back-d i f fuse  t o  t h e  r e a c t a n t  
stream, depending on t empera tu re  and e l e c t r o d e  p r o p e r t i e s .  Where 
H,O does go t o  t h e  NO, s t r eam i n  t h e  vapor  s t a t e ,  some r e a c t i o n  
w i t h  t h e  NO, undoubtedly o c c u r s ,  a l t hough  t h e  e x a c t  e x t e n t  o f  
t h i s  r e a c t i o n  i s  u n c e r t a i n .  I t s  e f f e c t  on c e l l  performance i s  
p r o b a b l y  h i g h l y  dependent  on f low r a t e ,  d i f f u s i o n  of H 2 0  i n  t h e  
gas s t r eam,  and c o n c e n t r a t i o n s .  
It has been p r e v i o u s l y  r e p o r t e d  ( R e f .  2 )  t h a t  t h e  p e r f o r -  
mance o f  MRD carbon ca thodes  was i n f l u e n c e d  t o  a c o n s i d e r a b l e  
e x t e n t  by  N 2 0 4  f l o w  r a t e s .  A f low r a t e  o f  2 2  m g  N204/min-cm2 was 
found necessa ry  f o r  c u r r e n t  d e n s i t i e s  i n  t h e  r ange  of  1 0 0  a m p / f t 2 .  
Such a f low r a t e  r e p r e s e n t s  a N 2 0 4 ( N 0 2 )  u t i l i z a t i o n  e f f i c i e n c y  of 
on ly  about  8 % .  
were necessa ry  t o  remove back-d i f fused  water  of r e a c t i o n ,  which 
tended  t o  condense on t h e  e l e c t r o d e  s u r f a c e  due t o  t r a n s f e r  l i m i -  
t a t i o n s .  Such condensed water  could b lock  NO, d i f f u s i o n  t o  a c t i v e  
s i t e s  e i t h e r  mechanica l ly  o r  th rough f a v o r i n g  t h e  r e a c t i o n  
It was b e l i e v e d  t h a t  t h e  e x c e s s i v e  N 2 0 4  r a t e s  
3N0, -k H,O A 2 H N O ,  -k NO (warm c o n c e n t r a t e d  s o l u t i o n )  (25) 
t h u s  producing t h e  more s l o w l y  d i f f u s i n g  HNO, as t h e  a c t i v e  o x i d a n t .  
I n  t h e  c e l l  h o l d e r s  used ,  t h e  f low r a t e  o f  2 2  m g  N204/min-cm2 c o r r e -  
sponds t o  an  average  Reynolds Number, 
( e q u i v  d i a ) ( v e l ) ( d e n s i t y )  - 
v i s  eo s it y - NRe 
of  approximate ly  4 0 ,  which i s  s t i l l  w e l l  w i t h i n  t h e  l amina r  f l o w  
range  and suggests H,O t r a n s f e r  l i m i t a t i o n s  due t o  poor  f i l m  co- 
e f  f i c i e n t  s .  
A f u r t h e r  s e t  of  exper iments  was run  t o  e v a l u a t e  N 2 O 4  ca thode  p e r -  
formance as a f u n c t i o n  o f  f low r a t e  o r  average  N R e .  
shown i n  F igu re  13 .  
R e s u l t s  a r e  
80 
0 
Reynolds Number Npe 
Cell 72424 
Temperature = 90°C 
E l e c t r o d e  S i z e  = 1/16 ft2 
F i g u r e  1 3 .  E f f e c t  of N204 Flow Rate (as Reynolds Number) 
on Cathode P o l a r i z a t i o n  a t  
Various Cur ren t  Densi t ies  
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N 2 O 4  f low ra tes  were v a r i e d  from approximate ly  1 0  t o  30 mg 
N201+/min-cm~ s o  t h a t  N v a r i e d  over  t h e  r e l a t i v e l y  narrow 
l amina r  f low range  o f  35 t o  7 0 .  Again,  dependence o f  ca thode  
p o t e n t i a l  on N 2 O 4  f l o w  ( expres sed  as Reynolds Number) was 
shown t o  e x i s t ,  p a r t i c u l a r l y  a t  t h e  h i g h e r  c u r r e n t  d e n s i t i e s .  
It i s  not  sugges t ed  t h a t  t h e  N 2 O 4  ca thode  p o t e n t i a l  i s  s o l e l y  
a f u n c t i o n  of  Reynolds Number, bu t  it i s  appa ren t  t h a t  f l ow,  
expressed  as N R e ,  i s  an impor tan t  f a c t o r ,  a s  evidenced by t h e  
r e l a t i v e l y  l a r g e  p o t e n t i a l  v a r i a t i o n s  seen  i n  F i g u r e  13 over  a 
ve ry  small span  o f  NRe. It i s  concluded t h a t ,  i n  g e n e r a l ,  
Reynolds Numbers g r e a t e r  t h a n  about  50  should be main ta ined  
i n  grooving and mani fo lds  o f  N 2 O 4  c a t h o d e s ,  
A long  N O 2  f low p a t h  i s  a l so  i n d i c a t e d  t o  cause  maximum con- 
t a c t  of t h e  con t inuous ly  d e g r a d a t i n g  N O 2  s t r eam w i t h  t h e  e l e c -  
t r o d e  s u r f a c e  and o b t a i n  as h igh  a N O 2  u t i l i z a t i o n  as i s  
p o s s i b l e .  M u l t i p l e  p a s s e s  o f  t h e  N O 2  stream w i l l  b e s t  produce 
t h i s  extended c o n t a c t ,  bu t  c a r e  must be t a k e n  t o  prevent  exces-  
s i v e  p r e s s u r e  drops  w i t h  r e s u l t i n g  a r e a s  o f  h igh  s t a t i c  p r e s s u r e  
s u f f i c i e n t  t o  cause g r o s s  t r a n s f e r  o f  N O 2  t h rough  t h e  permeable  
e l e c t r o d e .  Fur thermore ,  r e a s o n a b l e  d i s t r i b u t i o n  o f  " s t r o n g "  
and "weak" pass s t r eams  i s  r e q u i r e d  t o  e n s u r e  r e l a t i v e l y  even 
c u r r e n t  d e n s i t i e s  a c r o s s  t h e  e l e c t r o d e  s u r f a c e .  
The grooving geometry t h a t  appeared t o  bes t  meet t h e  above 
r equ i r emen t s  i s  i l l u s t r a t e d  i n  F i g u r e  1 4 .  
Experience has shown t h a t  t h e  MRD carbon ca thode  performs w e l l  
w i t h  a 1/8- inch groove ,  1/8- inch l a n d  suppor t  and d i s t r i b u t i o n  
system. P o l a r i z a t i o n  cu rves  f o r  small ,  unsupported h a l f - c e l l  
e l e c t r o d e s  and f o r  1 / 1 6  f t 2 ,  1/8- inch land-groove suppor ted  
e l e c t r o d e s  were e s s e n t i a l l y  i d e n t i c a l .  Mechanica l ly ,  wider 
grooves and/or  narrower l a n d s  u s u a l l y  cause e x c e s s i v e  e x t r u s i o n  
o f  t h e  MRD e l e c t r o d e s  i n t o  t h e  f l o w  channel  w i t h  h i g h e r  p o s s i -  
b i l i t y  of  e v e n t u a l  e l e c t r o d e  r u p t u r e .  
For t h e  grooving  d e t a i l  shown i n  F i g u r e  1 4 ,  a s  a p p l i e d  to t h e  
1 / 3 - f t 2  squa re  geometry e l e c t r o d e  shape ,  an o v e r a l l  f low l e n g t h  
of approximate ly  19 i n c h e s  p e r  p a r a l l e l  p a t h  was o b t a i n e d .  
Width o f  t h e  r e p e a t i n g  element was 314 i n c h ,  r e q u i r i n g  n i n e  
such  e lements  f o r  t h e  48-in.  squa re  electrode e T h i s  conf igu ra -  
t i o n  always p laced  t h e  weakest (No. 3 )  NO2 c o n c e n t r a t i o n  p a s s  
o f  each element a d j a c e n t  t o  a s t r o n g e s t  c o n c e n t r a t i o n  (No. 1) 
pass except  f o r  t h e  l a s t  e lement .  A s i n g l e  p a s s  from i n l e t  t o  
exhaus t  mani fo ld  a t  t h e  end of t h e  n i n e  mul t i -pas s  r e p e a t i n g  
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T h i s  f l o w  p a t t e r n  should  p rov ide  a r easonab ly  even d i s t r i b u -  
t i o n  of  N O 2  over  t h e  e n t i r e  e l e c t r o d e  a r e a ,  though a s l i g h t  
o v e r a l l  NO2 c o n c e n t r a t i o n  g r a d i e n t  from i n l e t  t o  exhaus t  mani- 
f o l d  w i l l  i n e v i t a b l y  e x i s t ,  
P r e s s u r e  d rops  i n  t h e  19-inch l o n g ,  m u l t i - p a s s ,  p a r a l l e l  p a t h s  
should be s l i g h t  ( ~ 0 . 5 - i n .  H 2 0  gauge if gas  f lows  r e s u l t  i n  
Reynolds Numbers l e s s  t h a n  E O O ) .  F i g u r e  1 5  i l l u s t r a t e s  p r e s -  
s u r e  d r o p s  i n  MRC f u e l  c e l l  d e s i g n s  as determined i n  t e s t  f i x -  
t u r e s  w i t h  1 /8 - in .  wide grooves on l / Q - i n .  c e n t e r s ,  0 .050-in.  
o r  0 .030-in.  deep grooves ,  w i t h  a i r  as t h e  t e s t  f l u i d .  
From a mechanical  s t a n d p o i n t ,  t h i s  mu l t i -pas s  groove cons t ruc -  
t i o n  w i t h  1/8- inch l a n d ,  l / 8 - inch  groove w i l l  p rov ide  a land-  
to-groove r a t i o  of  approximate ly  0 - 7  when i n l e t  and exhaus t  
m a n i f o l d s  a r e  c o n s i d e r e d ,  T h i s  v a l u e  has been shown i n  p re -  
vious p r o p r i e t a r y  work i n  our  l a b o r a t o r y  t o  p rov ide  adequate  
mechanical  suppor t  w i t h  n e g l i g i b l e  i n t e r n a l  e l e c t r i c a l  r e s i s t a n c e  
l o s s e s  due t o  c o n t a c t  a r e a  f o r  c u r r e n t  c o l l e c t i o n  purposes  a t  
c u r r e n t  d e n s i t i e s  up t o  a t  l eas t  2 0 0  a m p / f t 2 .  
A l / 3 - f t 2  t e s t  c e l l  d e s i g n  was made t o  e v a l u a t e  t h e  grooving  
and f low arrangements  p r e v i o u s l y  d i s c u s s e d .  A 7 x 7 i n .  a c t i v e  
e l e c t r o d e  area u n i t  was s e l e c t e d  w i t h  c o n s t r u c t i o n  similar t o  
t h a t  o f  t h e  3 x 3 i n .  c e l l s  t h a t  had been w e l l  t e s t e d  i n  our  
l a b o r a t o r y .  The p r i n c i p a l  f e a t u r e  o f  t h e  l a r g e - s i z e  t e s t  c e l l  
was a r e p l a c e a b l e  f low p l a t e  p e r m i t t i n g  t e s t i n g  w i t h  v a r i o u s  
groove arrangements  and d e p t h s .  
D e t a i l s  o f  t h e  frame and i n s e r t  are  shown i n  F i g u r e  1 6 .  The 
c e n t e r  exposed e l e c t r o d e  a r e a  was 7 x 7 i n .  S e a l i n g  between 
t h e  e l e c t r o d e  and frame was provided  b y  a 0 .25 - in ,  wide 0.020-in.  
t h i c k  l i p  around t h e  p e r i m e t e r  of  t h e  e l e c t r o d e .  I n s e r t - t o -  
frame s e a l i n g  was provided  by  an O-ring as shown. Reac tan t  f low 
passages  a c r o s s  t h e  f a c e  o f  t h e  e l e c t r o d e  were i n  t h e  f o r m  of  
s l o t s  c u t  i n  a removable p l a t e ,  
The d e s i g n  o f  t h e  i n i t i a l  f low p l a t e  i s  shown i n  F igu re  1 7 .  
Shown a l so  i n  F i g u r e  17 is t h e  way i n  which t h e  f low p l a t e  
p a t t e r n  mates  w i t h  t h e  i n s e r t  mani fo lds  p r o v i d i n g  i n l e t  and 
o u t l e t  f o r  t h e  p a t t e r n .  Due t o  t h e  r e p l a c e a b i l i t y  o f  t h i s  
f l o w  p l a t e ,  d i f f e r e n t  f low p a t t e r n s  and groove dep ths  can be 
accommodated by  f a b r i c a t i o n  o f  a d d i t i o n a l  p l a t e s .  
b .  E lec t rochemica l  Eva lua t ion  
The holder -mani fo lds  were e v a l u a t e d  wi th  MRD carbon 
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Figure 15, Pressure Drop in 1/8 in. Wide Gas 
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T h i s  c e l l  was a " f r e e  e l e c t r o l y t e T T  c e l l  i n  which 5M H 3 P 0 4  e l e c t r o -  
l y t e  was c i r c u l a t e d  between t h e  two  e l e c t r o d e s .  A s t r o n g  a c i d  
i o n  exchange membrane ( I o n i c s  61AZL183) was used to s e p a r a t e  t h e  
c e l l  i n t o  anode and ca thode  compartments s o  t h a t  ca thode  product  
a n a l y s i s  and o p e r a t i o n  could be determined f r e e  from any e f f e c t s  due 
t o  anode o p e r a t i o n .  I n  o r d e r  t o  measure IR-f ree  ca thode  poten-  
t i a l s ,  a Luggin c a p i l l a r y  s a l t  b r idge  c o n s i s t i n g  of  a small 
p l a s t i c  t u b e  c o n t a i n i n g  a f i b e r g l a s s  wick s a t u r a t e d  w i t h  e l e c t r o -  
l y t e  was a f f i x e d  t o  t h e  cathode f a c e .  The t u b e  a r t i c u l a t e d  ex- 
t e r n a l l y  w i t h  a r e s e r v o i r  o f  e l e c t r o l y t e  c o n t a i n i n g  a r e f e r e n c e  
e l e c t r o d e .  
The anode was an MRD carbon-Pt-PTFE e l e c t r o d e  ope ra t ed  on gaseous 
H 2 .  The u n i t  was o p e r a t e d  w i t h  a l a r g e - c a p a c i t y  c o n s t a n t - c u r r e n t  
power s u p p l y ,  
The gaseous p roduc t s  of  t h e  c e l l  r e a c t i o n  e x i t e d  t h e  c e l l  i n  b o t h  
t h e  e l e c t r o l y t e  and ca thode  exhaus t  stream. Both o f  t h e s e  streams 
were ana lyzed  t o  o b t a i n  a complete  m a t e r i a l  b a l a n c e .  The e l e c t r o -  
l y t e  s t r eam con ta ined  n i t r o g e n  and n i t r i c  o x i d e ,  Q u a n t i t a t i v e  
t e s t s  were n o t  made on t h e  g a s e s  b u t  t h e  q u a l i t a t i v e  t e s t s  pe r -  
formed i n d i c a t e d  t h a t  most ly  n i t r o g e n  and ve ry  l i t t l e  n i t r i c  ox ide  
was p r e s e n t .  
The s t ream e x i t i n g  from t h e  back s i d e  of  t h e  o p e r a t i n g  ca thode  
con ta ined  N 2 O b 9  N O ,  N2,and H 2 0  and proved ex t remely  d i f f i c u l t  t o  
a n a l y z e .  However, t h e  o v e r a l l  coulombic e f f i c i e n c y  of  t h e  e l e c -  
t r o d e  could  be de te rmined  because bo th  t h e  N 2 O 4  i n p u t  r a t e  and 
t h e  t o t a l  e l e c t r i c a l  c u r r e n t  withdrawn from t h e  e l e c t r o d e  were 
known a c c u r a t e l y .  S ince  t h e r e  was some evidence  t h a t  N 2  i s  t h e  
predominant r e a c t i o n  p r o d u c t ,  t h e  coulombic e f f i c i e n c i e s  were 
c a l c u l a t e d  on t h e  b a s i s  of complete  r e d u c t i o n  t o  N 2 .  
A pumped e l e c t r o l y t e  c e l l  c o n s t r u c t e d  as d e s c r i b e d  above was 
assembled w i t h  a 0.050-in.  t h i c k  ca thode  f low p l a t e  and mounted 
i n  t h e  t e s t  s t a n d .  Over a p e r i o d  of  a week t h i s  c e l l  was oper-  
a t e d  i n t e r m i t t e n t l y  a t  v a r i o u s  t empera tu res  and N 2 0 4  f low r a t e s .  
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The r e s u l t s  g iven  i n  Table  XXV a r e  r e p r e s e n t a t i v e  of  t h e  
cathode performance t h a t  can be expec ted  a f t e r  one hour a t  
each o f  t h e  t e s t  c o n d i t i o n s  and t h e r e f o r e  were assumed to be 
s t e a d y  s t a t e  c o n d i t i o n s .  It may be noted  t h a t  t h e  performance 
a t  70°C was much b e t t e r  t h a n  a t  60°c  a t  t h e  same c u r r e n t  dens-  
i t i e s .  T h i s  d i f f e r e n c e  was no ted  on many occas ions  and i s  
thought  to be due t o  changes i n  t h e  d i f f u s i o n  r a t e  of  water 
and r e a c t i o n  p roduc t s  th rough t h e  ca thode .  There was a l s o  a 
c o n s i d e r a b l e  r e d u c t i o n  i n  performance when t h e  N2O4 f e e d  r a t e  
was reduced f r o m  3 . 7  t o  2 .5  t imes  t h e  s t o i c h i o m e t r i c  amount 
f o r  30-ampere o p e r a t i o n .  The data p o i n t s  were rechecked on 
s e v e r a l  occas ions  and found t o  b e  r e p r o d u c i b l e .  
The c a l c u l a t e d  coulombic e f f i c i e n c y  based on complete  reduc-  
t i o n  t o  N2 was 2 7 %  f o r  30-ampere, 20 -wa t t  o p e r a t i o n .  T h i s  
compares t o  an e f f i c i e n c y  r e p o r t e d  i n  t h e  p r e v i o u s  c o n t r a c t  
(Ref .  2 )  of  3 . 8 % ,  c a l c u l a t e d  on t h e  same bas i s .  
3 .  Permeat ion o f  N2O4 th rough t h e  MRD Carbon PTFE E l e c t r o d e  
N2O4 d i s s o l v e s  i n  aqueous s o l u t i o n s  a s :  
+ H20 4 HN02 + HNO3 (Ref .  
The e f f e c t  of  t h i s  r e a c t i o n  i n  ou r  work i s  c l e a r ;  any N2O4 t h a t  
d i f f u s e d  th rough  t h e  e l e c t r o d e  and was no t  consumed e l e c t r o -  
chemica l ly  could  d i s s o l v e  i n  t h e  e l e c t r o l y t e .  I n  a pumped 
e l e c t r o l y t e  c e l l ,  i n  which "fresh1'  e l e c t r o l y t e  i s  c o n t i n u a l l y  
brought  t o  t h e  e l e c t r o d e  s u r f a c e ,  t h e  amount d i s s o l v e d  i n  a 
g iven  t ime would be determined by t h e  d i f f u s i o n  r a t e  t h rough  
t h e  e l e c t r o d e  and t h e  c u r r e n t  drawn f rom t h e  c e l l .  The e f f e c t s  
would be a loss o f  coulombic e f f i c i e n c y  a t  t h e  ca thode ,  and a 
g r a d u a l  po i son ing  of  t h e  anode a s  t h e  HN03-HN02 c o n c e n t r a t i o n  
b u i l d s  up i n  t h e  e l e c t r o l y t e .  
The most  d i r e c t  approach t o  t h i s  problem was t o  c o n t r o l  t h e  
d i f f u s i o n  r a t e  t h rough  t h e  ca thode  s o  t h a t  t h e  N2O4 supply  
was ba lanced  w i t h  t h e  s t o i c h i o m e t r i c  r e q u i r e m e n t s .  
A program was under taken  t o  de te rmine  t h e  e f f e c t  of  e a s i l y  con- 
t r o l l e d  e x t e r n a l  pa rame te r s  o f  t empera tu re  and p r e s s u r e  on t h e  
d i f f u s i o n  r a t e ,  The d e t a i l s  o f  t h i s  work a r e  r e p o r t e d  i n  Ref .  3a. 
I n  b r i e f ,  a s t a n d a r d  two-compartment c e l l  was used wi th  t h e  
cathode clamped between h a l v e s .  N2O4 gas  was purged through 
one s i d e  w i t h  a s t a g n a n t  H z S O b  s o l u t i o n  on t h e  o t h e r .  The amount 
of  N2O4 d i f f u s i n g  was determined by  a permanganate t i t r a t i o n .  The 
r e su l t s  are i l l u s t r a t e d  i n  Table  XXVI, 
Table XXVI 
N2O4 DIFFUSION RATE - ELECTRODE 55-67229 
Electrolyte: 2M H2SO4 (0.2N in KMn04) 
Temperature: 25OC 
N2O4 Flow Rate through Cell: 
Electrode: Standard MRD Carbon-PTFE 
1.6-2.0 g/min. 
Diffusion Rates in 
N204 g N204/hr/cm2 
Pressure, Exposure Times, min, 
2.0 -1.0 in. H20 0.5 -
0 
5.4 
0.34 0.19 0.18 
0.28 0.46 0 .55  
Mean Values: 
0 in. H20 pressure: 0.24 g N204/hr/cm2 
5.4 in, H20 pressure: 0.43 g N204/hr/cm2 
0.5  min exposure: 
1.0 min exposure: 
2.0 min exposure: 
0.31 g N204/hr/cm2 
0.33 g N204/hr/cm2 
0.36 g N2O4/hr/cm2 
Stoichiometric Requirement for 100 ma/cm2: 
0 . 0 8 9  g N204/hr/cm2 f o r  reduction to NO 
0.045 g N204/hr/cm2 for reduction to N2 
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The data show that the N204 diffusion rate responded to pressure 
differences but that the rate was quite high compared to stoich- 
iometric requirements. 
A second series of tests corroborated the pressure effect but 
also indicated that the effect of temperature was not as pro- 
nounced (Ref. 3b). Attempts to modify the permeability of the 
electrode by inclusion of "pore fillers" (MnP04, Kel-F@ oils) 
and by densification of the carbon-PTFE matrix produced incon- 
clusive results. 
4 .  Electro-Reduction of N2O4 Completely to N2 
On a previous contract (Ref. 2) the electrochemical reaction of 
H N O ,  on carbon was shown to produce NO as the exclusive reaction 
product. The reaction for N2O4 should be analogous since the 
mechanisms proposed in the literature all involve common reac- 
tants (cf. Refs. 15, 16). Thus, N204 should electroreduce as: 
N204 t 4 H  t 4e- = 2N0 t 2H20 (28) 
which yields lo7 ampere-hours/mole N204. The preferred reaction 
N204 t 8 H t  f 8e- = N2 t 4 H 2 0  
yields 2 1 4  ampere-hours/mole N2O4. 
The apparatus constructed to screen electrodes with various cata- 
lysts consisted of a standard 3 x 3 in. cell with an ion exchange 
membrane, silica gel-H,P04 separator (to isolate the cathode and 
the cathode reaction products), and a gas analysis trainr This 
train consisted simply of two cold traps, to remove all N2O4, 
followed by a gas sampling bulb. VPC analysis of the contents 
of the bulb detected any NO, N20, or N2 produced in the cell 
reaction. The whole system was purged with either argon or 
helium prior to a run. 
The details on the electrodes and catalysts tested are given in 
Ref. 3c. These basically consisted of different carbon types, 
borohydride-precipitated Ag, Au, Ir, and Pd, as well as a com- 
mercial Pt black. 
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The r e s u l t s  of  t e s t s  w i t h  t h e s e  e l e c t r o d e s  showed t h a t  n i t r o g e n  
was produced i n  every  t e s t  where a VPC a n a l y s i s  was made, r ega rd -  
l e s s  of  c a t a l y s t  used .  T h i s  was t r u e  f o r  t h e  unca ta lyzed  c o n t r o l  
e l e c t r o d e  as w e l l ,  The c l e a r  i n d i c a t i o n  i s  t h a t  the  s t a n d a r d  
carbon.  e l e c t r o d e ,  whether  c a t a l y z e d  o r  n o t ,  i s  (and most l i k e l y  
has been)  producing  s u b s t a n t i a l  q u a n t i t i e s  of  N 2  as a product  
of  t h e  e l e c t r o r e d u c t i o n  o f  N 2 O 4 .  These r e s u l t s  are i n  c o n f l i c t  
w i t h  t h e  o r i g i n a l  work on carbon,  as r e f e r e n c e d  above,  However, 
bo th  t h e  t y p e  o f  carbon and t h e  t y p e  of  e l e c t r o d e  were d i f f e r e n t ;  
porous b lock  carbon e l e c t r o d e s  were used i n  t h e  e a r l y  work. The 
p r e s e n t  r e s u l t s  a re  no t  cons ide red  c o n c l u s i v e  proof  t h a t  N 2  i s  
formed under  a11 c o n d i t i o n s  wi th  t h e s e  e l e c t r o d e s ,  bu t  do i n d i c a t e  
t h a t  s u b s t a n t i a l  N 2  can be  produced i n  t h e  off-gas under  some 
c o n d i t i o n s .  
A d e t a i l e d  i n v e s t i g a t i o n  of  p o s s i b l e  e x p l a n a t i o n s  c l e a r l y  i n d i -  
c a t e d  t h e  r e s u l t s  were not  caused by f a i l u r e s  o r  a b n o r m a l i t i e s  
i n  t h e  t e s t  equipment used (Ref .  3 c ) .  
C .  AEROZINE-50 ANODES 
1. Background 
The o b j e c t i v e s  o f  t h i s  t a s k  were t o  develop an  e l e c t r o d e  t h a t  
would operate  on Aerozine-50 as a d i r e c t  e l e c t r o c h e m i c a l  f u e l  
w i t h :  
H i g h .  e l e c t r o c h m i c a l  a c t i v i t y  and l i t t l e  p o l a r i z a t i o n ,  
( b )  High coulombic e f f i c i e n c i e s  w i t h  a s i n g l e  pass of  
r e a c t a n t  th rough t h e  e l e c t r o d e  chamber, and 
( c )  L i t t l e  o r  no contaminat ion  of t h e  e l e c t r o l y t e  from 
unreac ted  f u e l  o r  f rom p r o d u c t s  of  t h e  r e a c t i o n ,  
The f i r s t  requi rement  d i c t a t e d  a c a t a l y s t  s e l e c t i v e  f o r  t h e  
r e a c t i o n s  invo lved  i n  t h e  e l e c t r o - o x i d a t i o n  of  t h e  components 
of t h e  f u e l .  A c a t a l y s t  s c r e e n i n g  program was under taken  t o  
de te rmine  t h e  a c t i v i t y  of  b o t h  UDMH and Aerozine-50 on a v a r i e t y  
of  p r o s p e c t i v e  c a t a l y s t s  e 
The achievement of t h e  second o b j e c t i v e  hinged on two f a c t o r s :  
( a )  Minimizat ion o f  t h e  c a t a l y t i c  decomposi t ion o r  N 2 H 4  
on t h e  e l e c t r o d e  which causes  a l o s s  o f  f u e l  e f f i c i e n c y .  
( b )  Maximizat ion o f  t h e  ampere-hours o u t p u t  p e r  gram o f  f u e l .  
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The @ a t a l l y t i c  decomposi t ion p rob lem was s u s c e p t i b l e  t o  s o l u t i o n  
b y  e l e c t r o d e  d e s i g n ;  t h a t  i s ,  b y  p r e v e n t i n g  d i r e c t  c o n t a c t  o f  
t h e  c a t a l y t i c  s u r f a c e  o f  t h e  e l e c t r o d e  w i t h  l a rge  volumes o f  
f u e l .  The coulombic c a p a c i t y  of  t h e  f u e l  cou ld  be  g r e a t l y  
i n c r e a s e d  i f  some p o r t i o n  o f  t h e  UDMH f r a c t i o n  cou ld  be  u t i l -  
i z e d ,  as f o l l o w s :  
1 . 6 7  amp-hr/g of  Aerozine-50 i f  on ly  N 2 H 4  i s  u t i l i z e d .  
2 . 1 2  amp-hr/g o f  Aerozine-50 i f  N 2 H 4  is u t i l i z e d  and 
UDMH i s  u t i l i z e d  i n  a 2e- o x i d a t i o n .  
3 . 0 0  amp-hr/g of Aerozine-50 i f  N2H4 i s  u t i l i z e d  and 
UDMH i s  u t i l i z e d  i n  a 6e- o x i d a t i o n ,  
However, t h e  d e s i r a b i l i t y  o f  promoting t h e  e l e c t r o - o x i d a t i o n  
o f  UDMH depended on whether t h e  r e a c t i o n  p r o d u c t s  a re  d e l e t e r -  
i o u s  o r  d i f f i c u l t  t o  accommodate i n  o p e r a t i n g  c e l l s .  Thus, t h e  
c a t a l y s t  s c r e e n i n g  program had d u a l  o b j e c t i v e s :  
(1) To f i n d  a c a t a l y s t  t h a t  would e l e c t r o - o x i d i z e  b o t h  
( 2 )  To f i n d  a c a t a l y s t  t h a t  would e l e c t r o - o x i d i z e  N 2 H 4  
UDMH and N 2 H 4  a t  a r easonab ly  good mixed p o t e n t i a l ,  
e f f i c i e n t l y  b u t  t h a t  was i n e r t  w i th  r e s p e c t  t o  UDMH. 
2 .  Catalyst  Sc reen ing  Program 
Af ter  some e x p e r i m e n t a t i o n ,  a n  e l e c t r o d e  s c r e e n i n g  half  c e l l  
was des igned  t h a t  used d i s s o l v e d  f u e l ,  w i t h  a stream of  f u e l -  
e l e c t r o l y t e  s o l u t i o n  pumped a c r o s s  t h e  e l e c t r o d e  s u r f a c e  t o  
sweep away gas bubb les .  T h i s  had t h e  a d d i t i o n a l  e f f e c t  o f  
r educ ing  c o n c e n t r a t i o n  p o l a r i z a t i o n  i n  t h e  c e l l .  With t h e s e  
m o d i f i c a t i o n s  t h e  t r u e  a c t i v i t y  o f  t h e  c a t a l y s t s  cou ld  be 
de te rmined .  A r e p r e s e n t a t i o n  o f  t h e  c e l l  i s  shown i n  F i g u r e  19. 
A Kordesch-Marko b r i d g e  was used t o  o b t a i n  IR-free p o t e n t i a l s ,  
The c a t a l y s t  powders were e i t h e r  commercial ly  a v a i l a b l e  o r  made 
in-house by borohydr ide  r e d u c t i o n  o f  metal salts i n  s o l u t i o n .  
The l a t t e r  p r o c e s s  produced powders w i t h  v e r y  small  p a r t i c l e  
s i z e  and h i g h  s u r f a c e  areas;  t h e y  g e n e r a l l y  posses sed  h i g h  
c a t a l y t i c  a c t i v i t y .  Test  e l e c t r o d e s  were made b y  i n c o r p o r a t -  
i n g  t h e  c a t a l y s t  powders i n t o  MRD-PTFE-type e l e c t r o d e s  suppor t ed  
on P t  s c r e e n .  
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E l e  c tr o ly t e/Fue 1 
4 e s t  E l e c t r o d e  
E lec t rode  Support  
F igu re  19. Fuel  Catalyst Screen ing  C e l l  
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T h f r t e e n  c a t a l y s t s  were t e s t e d  i n i t i a l l y  (Ref .  3a) .  The two 
t h a t  showed t h e  b e s t  a c t i v i t y  on UDMH f u e l  were R h  powder 
(Engelhard)  and a p r o p r i e t a r y  MRC q u a t e r n a r y  noble  me ta l  a l l o y  
c a t a l y s t  ( b o t h  gave 0.56 V vs  SHE a t  LOO mA/sq em and 6 0 ° C ) .  
The b e s t  c a t a l y s t  i n  shor t - te rm t e s t i n g  on Aerozine-50 f u e l  
was t h e  same Rh powder (0 .13  V vs  SHE, 1 0 0  mA/sq em, 6 0 0 ~ ) .  
I n  f u r t h e r  t e s t s ,  1 7  new c a t a l y s t s  were e v a l u a t e d  and s e v e r a l  
o f  t h e  o r i g i n a l  1 3  were r e t e s t e d  on Aerozine-50. The r e s u l t s  
of t h e s e  t e s t s  a r e  p r e s e n t e d  i n  Table  X X V I I .  Two c a t a l y s t s  
t h a t  performed as w e l l  as Rh on UDMH f u e l  were Ru-Rh a l l o y s  
(50-50 and 75-25% composi t ion b y  w e i g h t ) ;  t h e y  y i e l d e d  0.54 V 
vs  SHE a t  1 0 0  mA/sq em, 60°C.  These c a t a l y s t s  a l s o  were a c t i v e  
on Aerozine-50 ( 0 . 0 6  V v s  SHE, 100 mA/sq cm, 6 0 ° C ) .  Ru, Ir, NizB, 
Ru-Rh (25-75) ,  and a p r o p r i e t a r y  five-component a l l o y  ( e l e c t r o d e  
7 7 6 2 8 )  a l l  showed r e l a t i v e l y  poor  a c t i v i t y  on UDMH, and f a i r -  
to-good a c t i v i t y  on Aerozfne-50, making them c a n d i d a t e s  f o r  t h e  
second o b j e c t i v e  of t h e  s c r e e n i n g  program d i s c u s s e d  above.  The 
b e s t  of  t h e s e  appea r s  t o  be Ru ( 0 . 6 9  V w i t h  UDMH, 0.11 V on 
Aerozine-50, bo th  vs  SHE a t  1 0 0  mA/sq em, 6 0 ° C ) .  
3 .  C e l l  T e s t s  
I n  o r d e r  to c h a r a c t e r i z e  promis ing  e l e c t r o d e s  by de t e rmin ing  
f u e l  coulombic e f f i c i e n c i e s  and long-term e l e c t r o d e  pepformance,  
a t e s t  s t a n d  and 3 x 3 i n .  c e l l  c o n f i g u r a t i o n  were des igned ,  con- 
s t r u c t e d ,  and t e s t e d .  The o b j e c t  o f  t h e s e  d e s i g n s  was t o  t r a p  
and measure o f f - g a s e s  f r o m  t h e  e l e c t r o d e  r e a c t i o n s .  Analys is  of 
t h e s e  g a s e s  i s  a p r e f e r r e d  method o f  de t e rmin ing  f u e l  e f f i c i e n c y .  
The r e a c t f o n s  t h a t  can occur  w i t h  t h e  hydraz ine  component a r e :  
C a t a l y t i c  decomposi t ion :  NzH4- Nz t 2H2 ( 3 0 )  
( 3 1 )  + E l e c t r o - o x i d a t i o n :  N2H4- N2 + 4H + 4e- 
The only  l i k e l y  r e a c t i o n  tha t  might have u p s e t  t h i s  a n a l y s i s  was 
t h e  decomposi t ion to ammonia: 
The e x t e n t  o f  t h i s  r e a c t i o n  could  be de te rmined  by checking H2/N2 
r a t i o s  i n  t h e  o f f -gases  from open c i r c u i t  t e s t i n g ;  s u b s t a n t i a l  
d e v i a t i o n s  from a 2 : l  r a t i o  would i n d i c a t e  t h a t  r e a c t i o n  32  was 
a s f g n f f f c a n t  f a c t o r .  
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Table xXVII 
AZPVZXME-50 ELECTRGD’: CATALYST TEST RESULTS 
E lec t  rode 
Code 
Texpers ture  : 69°C 
Eier, t  r-s?;ite : 5M H J P O ~  
Fl.el : i n  all caces ,  d i s so lved  i n  e l e c t r o l y t e  - e-ir-c. les:  Cr t ,a lys t /Tef l?n  mixtures  cured on P t  _. 
Screen ,  MRC l abo ra to ry  made c a t a l y s t s  
made by borohydride reduct ion  of s a l t s  
C a t a l y s t  Desc r ip t i sn  
Elec t rode  Po er 3.1 ( v o l t s ,  
vs SHE a t  Ind ica t ed  
Curren t  Dehs i ty ,  ma/cm2 - -  Fue 1 O~O(3~ 
50-67226 R i i  (Engelhard i - Standard  C a t a l y s t  UDMH 0.34 0.51 0.55 0 .59  0.63 
A-50 3.00 3.04  ~ . 0 8  o.@g 0.12 
UDMH 0.33 0 .53  0.63 2.7; C . 7 9  7 122 1-1 R-J (MRC l abora tp ry  made) 
A-50 0.05 0.08 0.11 9.13 c .  15 
‘7 122 1 - 3 Rh (MAC l abora to ry  made1 UDMH 0 .45  0.52 0.53 0.62 0.65 
A-50 0.09 0.12 0.15 0.16 0.15 
71221-6 Ru-R!? ( 2 5 - 7 5 1  Alloy C a t a l y s t  (MRC made: UDMH 0.51 0.57 0.64 0:72 0.77 
A-50 0.09 0.11 0.12 0.13 0.14 
‘ I  1221 - 7 Ru-Rh (;O-‘,CJi Alloy Ca ta lys t  {MRC made, UDMH 0 .35  0.4’7 0.54 0.57 0.61 
A-50 0.04 0.05  0.136 0.07 0.08 
71221-8 Ru-RII ( 7 5 / 7 5 !  Alloy C a t a l y s t  (MRC made, UDMH 0.33 0.47 0.54 0.60 0.64 
A-50 0.04 0.05 0.06 0.06 0.07 
71221-2 Ir (MRC l abora to ry  made 1 UDMN 0.33 0 . 7 4  0.84 0.95 1.00 
A-50 0.08 0.14 0.20 0.26 0.30 
7 122 1 -4 ( J S  {MRC lsbor’atoi’y made ; r’DMH 0.42 Nu Ac t iv i ty  
A-f,\’ 6.011 No h c t i v i t y  
7 122 1 - 5 Mo !MRC 1:ibsrator’y made j ‘JDMIi 0.41 No A c t i v i t y  
A-50 0.11 No A c t i v i t y  
71221-9 Au (MRC l abo ra to ry  made) llDMl1 0 .  1 1 N o  f i c t i v l t y  
A-go 0.11 No A c t i v i t y  
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Table XXVII (Continued) 
Elec t rode  P o t e n t i a l  !vo l t s  I 
v s  SHE a t  Ind ica t ed  
Current Dens i ty ,  na/cm2 
Fuel O ~ ~ & O - ~  
Elec t rode  
Code - C a t a l y s t  Desc r ip t ion  
56833 MRC Cheliite C a t a l y s t  on Carbon S u b s t r a t e  UDMH PI o Ac t i j. i t .  y 
A-50 0.33 0.5'7 0.55 - 
68729-3 Raney Nickel on Carbon on SS Screen UDMH 0 . ~ 5  N; A c t i v i t y  
A-50 0.13 N3 h c t i y .  i t y  
'73233-29 Ni2E C a t a l y s t  UDMH No ; .ct idity 
A-50 -0.02 0.25 0 . 2 3  3 . 3 : !  3.5'' 
73233-1a Co2B Ca ta lys t  
77628 5-Component Prec ious  Metal Alloy UDMH 0.53 0.63 0.78 - - 
Propr i e t a ry  C a t a l y s t  on Carbon A-50 0.09 0.1,: 0.20 c.21 c . 2 j  
77605 P t - l $  Mo Al loy  C a t a l y s t  (MRC made) UDMH 0.53 0.75 0.34 
A-50 0.25 0.53 0.40 0.114 2.49 
70449-52 Pt-Rh (90-10) Al loy  (MRC made) UDMH 0 .55  0.69 0.75 
A-50 0.21 0.38 0.50 0.56 0.60 
73354-9 5-Component Prec ious  Metal Alloy 
and -10 Propr i e t a ry  C a t a l y s t  
UDMH 0.47 0.55 0.61 0.65 G.66 
UDMH On3 0.61 0.64 0.65 0.64 
4-Component Prec ious  Metal Alloy 
and 73354-6 7 P r o p r i e t a r y  c a t a l y s t  
and -8 
UDMH 0.45 0.63 0.64 0.65 0.64 
UDMH 0 .41  0.62 0.63 0.62 0.63 
UDMH 0.41 0.62 0.67 0 .69  0.71 
P t  -Ru (30-70: Al loy  (MRC made ) UDMH 0.36 0.57 0.66 0.74 0.81  73354-4 
77604-1 5-Component Precious Metal Alloy iJDMH 0 . 4 1  0.58 0.51 0.63 0.65 
and -2 P r o p r i e t a r y  C a t a l y s t s  UDMH 0.45 0.61 0.62 0.63 C.54 
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The r e a c t i o n s  of  UDMH a r e  more complex, w i th  many more p r o d u c t s  
i nvo lved .  However, N 2  i s  t h e  only  gaseous product  l i k e l y  t o  
be formed. I n  a d d i t i o n ,  our  work on low-temperature  decomposi- 
t i o n  of Aerozine-50 showed UDMH se l f -decomposi t ion  was minimal 
a t  t empera tu res  o f  f n t e r e s t  i n  this work.  Thus,  t he  p a r t i c i p a -  
t i o n  of  UDMH i n  t h e  anod ic  r e a c t i o n  would be i n d i c a t e d  by t h e  
volume o f  N 2  produced p e r  ampere-hour o f  c e l l  e l e c t r i c a l  o u t p u t ,  
C a l c u l a t i o n  d e t a i l s  on t h e  e f f e c t  o f  UDMH on t h e  volume o f  N 2  
produced p e r  ampere-hour alae r e p o r t e d  i n  Ref .  3b.  I n  g e n e r a l ,  
t h i s  f a c t o r  w i l l  be a maximum a t  7 . 4  x f t 3  o f  N2/ampere~ 
hour .  T h i s  w i l l  occur  only  when N 2 H 4  is t h e  s o l e  r e a c t a n t  a t  
t h e  e l e c t r o d e  (UDMH an i n e r t  d i l u e n t ) .  The p a r t i c i p a t i o n  of 
UDMH i n  t h e  e l e c t r o - o x i d a t i o n  i n  any mode w i l l  d ec rease  t h i s  
f a c t o r .  Thus v a l u e s  s u b s t a n t i a l l y  below 7 . 4  x 10 -3a re  a s t r o n g  
i n d i c a t i o n  o f  UDMH r e a c t i o n .  I n  p r a c t f c e  it is necessa ry  t o  
a c c o u n t f o r  N 2  produced b y  c a t a l y t i c  decomposi t ion o f  N 2 H 4  i n  
c a l c u l a t i n g  t h e  f a c t o r ,  T h i s  can b e  accomplished by  a n a l y z i n g  
t h e  o f f -gases  f o r  H2 and back c a l c u l a t i n g  and s u b t r a c t i n g  t h e  
co r re spond ing  amount o f  N2. 
The Aerozine-50/02 a c i d  e l e c t r o l y t e  c e l l  d e s i g n  used t o  conduct 
t h e s e  t e s t s  i s  shown i n  F i g u r e  2 0 .  T h i s  was a f r e e  e l e c t r o l y t e  
c e l l  w i t h  t h e  e l e c t r o l y t e  pumped a c r o s s  t h e  anode s u r f a c e ,  An 
i o n  exchange membrane ( I o n i c s  I n c .  c a t i o n  exchange membrane 
61AZL-183) was used t o  p reven t  0 2  from t h e  ca thode  from e n t e r i n g  
t h e  e l e c t r o l y t e ,  and t o  p reven t  e x i t  of  anode g a s e s  through t h e  
ca thode .  
The t e s t  s t a n d  used w i t h  t h i s  c e l l  i s  shown i n  F i g u r e  21. P r o -  
v i s i o n  was made f o r  t r a p p i n g  anode o f f -gases  whether  f rom t h e  
f u e l  s i d e  o f  t h e  e l e c t r o d e  o r  from t h e  e l e c t r o l y t e  i t s e l f .  The 
g a s  volume was measured a c c u r a t e l y  w i t h  a w e t - t e s t  meter  and 
a n a l y t i c a l  samples were t aken  for VPC a n a l y s i s .  A c o n t r o l l e d  
power supply  and a s s o c i a t e d  equipment wereused t o  de te rmine  
e l e c t r o d e  performance and ampere-hour o u t p u t .  
I n i t i a l  t e s t s  w i t h  a Rh MRD e l e c t r o d e  i n d i c a t e d  t ha t  l i q u i d  
Aerozine-50 could  no t  be pumped d i r e c t l y  t o  t h e  back o f  t h e  
e l e c t r o d e .  The spontaneous decomposi t ion of  t h e  N 2 H 4  component 
was s o  r a p i d  and exothermic t h a t  permanent damage t o  t h e  e l e c -  
t r o d e  r e s u l t e d  from t h e  sudden t empera tu re  r i s e  and no u s e f u l  
e l e c t r i c  power could  be drawn flaom t h e  e l e c t r o d e .  A c a p i l l a r y  
membrane t y p e  o f  e l e c t r o d e  was t h e n  t r i e d  i n  which an  MRC 
carbon e l e c t r o d e  se rved  as t h e  membrane. T h i s  e l e c t r o d e  
reduced t h e  spontaneous decomposi t ion by s e v e r a l  o r d e r s  of  
magni tude,  b u t  t h e  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  were poor .  
The c a p i l l a r y  membrane should pass on ly  vapors  and t h e  composi- 
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Figure 21.  A e r o z i n e - 5 0 / 0 2  Cel l  Test  S t a n d  
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b y  weight a t  70°C (Ref .  17). Thus, t h e  major  r e a c t a n t  a t  
t h e  c a t a l y t i c  s u r f a c e  of  t h e  e l e c t r o d e  may have been UDMH, 
which would account  f o r  t h e  l e s s  anodic  p o t e n t i a l s  found.  
Other  t y p e s  o f  permeat ion  b a r r i e r s  were a l so  t r i e d .  The 
r e s u l t s  o f  some o f  t h e s e  t e s t s  a r e  o u t l i n e d  i n  Table  X X V I I I .  
The o b j e c t  i n  t h e s e  t e s t s  was t o  a l l o w  enough l i q u i d  d i f f u -  
s i o n  t o  keep t h e  N 2 H 4  c o n c e n t r a t i o n  a t  t h e  c a t a l y t i c  s u r f a c e  
h i g h  enough t o  suppor t  a r e a s o n a b l e  c u r r e n t  d e n s i t y .  The 
ve rmicu l i t e -Te f lon  b a r r i e r  appeared t o  a c t  as a c a p i l l a r y  
membrane (s imilar  t o  t h e  carbon e l e c t r o d e ) .  The s i l i c a  g e l -  
g l a s s  wool-Teflon b a r r i e r  a l lowed t o o  much d i f f u s i o n  and t h e  
e l e c t r o d e  was damaged by  l o c a l  h i g h  t empera tu res .  The s t a i n -  
l e s s  s t e e l  p laque  a l s o  d i d  n o t  perform as expec ted .  It i s  
t h e o r i z e d  t h a t  t h e  h igh  i n t e r n a l  s u r f a c e  a r e a  of t h e  p laque  
c a t a l y z e d  t h e  decomposi t ion of  N 2 H 4  and very  l i t t l e  could  
d i f f u s e  through i n t a c t  t o  t h e  c a t a l y t i c  s u r f a c e .  
Other t y p e s  of e l e c t r o d e s  and membranes  w e r e  t r i e d  e 
The r e s u l t s  of t h e s e  t e s t s  a r e  g iven  i n  Table  X X I X .  None of  
t h e s e  e l e c t r o d e s  performed s a t i s f a c t o r i l y  on Aerozine-50 and 
none was cons ide red  worth fo l lowing  up. 
Another approach was t a k e n  t o  t h i s  problem. T h e o r e t i c a l l y ,  
Aerozine-50 can be f r a c t i o n a l l y  d i s t i l l e d  t o  s e p a r a t e  i t s  com- 
ponen t s .  I f  even a p a r t i a l  d i s t i l l a t i o n  could  be accomplished 
t o  o b t a i n  a r e l a t i v e l y  en r i ched  N 2 H 4  f e e d  s t o c k ,  t h e  carbon/  
Pt e l e c t r o d e  ( o r  an e q u i v a l e n t )  might be f e a s i b l e .  The m a j o r  
problem would be s e p a r a t i o n  o f  phases  ( l i q u i d  N 2 H 4  and vapor  
UDMH) under  z e r o - g r a v i t y  c o n d i t i o n s .  
L iquid  anhydrous N 2 H 4  was t h e r e f o r e  a l so  t r i e d  as a f u e l  w i t h  
an  MRD carbon Pt e l e c t r o d e .  The r e s u l t s  o f  t h e  t e s t s  are  
shown i n  Table  X X X .  To c h a r a c t e r i z e  t h e  s e l f  decomposi t ion 
r a t e ,  t h e  l i q u i d  N 2 H 4  was pumped i n t o  t h e  e l e c t r o d e  chamber 
a t  a r a t e  g r e a t l y  i n  excess  of e l e c t r o c h e m i c a l  r equ i r emen t s .  
A l t e r n a t e l y ,  H 2  gas  was purged s lowly  i n t o  t h e  e l e c t r o d e  
chamber and comparable data were t aken  w i t h  t h i s  f u e l ,  The 
p o t e n t i a l  of  t h e  e l e c t r o d e  was measured w i t h  a Luggin c a p i l l a r y  
s a l t  b r i d g e  c o n s i s t i n g  of  a suppor ted  Tef lon  s p a g h e t t i  t u b e  
i n s e r t e d  i n t o  t h e  e l e c t r o l y t e  chamber. A slow f l o w  o f  e l e c t r o -  
l y t e  was main ta ined  through t h e  t u b e  t o  p reven t  gas  bubbles  from 
b lock ing  t h e  e l e c t r o l y t e  p a t h .  This  arrangement  ensured  minimum 
I R  c o n t r i b u t i o n  t o  t h e  measwed p o t e n t i a l s  and gave a t r u e r  i n d i -  
c a t i o n  o f  e l e c t r o d e  performance.  Data were t a k e n  a t  25 and 4 5 O C ;  
however, i r r e v e r s i b l e  e l e c t r o l y t e  leakage  occur red  a t  60°C and 
above e 
Table XXVIII 
TEST RESULTS OF Rh ANODE -- DIFFUSION BARRIER COMBINATIONS 
Ce l l  D e s c r i p t i o n  
3 x .3 i n c h  s t a n d a r d  e n d p l a t e s  
MRD -C 
// P t  /02 g e l l e d  
membrane ca thode  
5M H3P04 i o n  A-50 d i f f u s i o n  
f u e l  / b a r r i e r  
F u e l  : metered a t  10.0 m l  p e r  minute 
Temperature : 60°C i n  a l l  c a s e s  
O2 and E l e c t r o l y t e :  metered a t  moderate ra tes ,  h i g h  enough to 
i n s u r e  adequate  c e l l  performance 
E l e c t r o d e  - B a r r i e r  D e s c r i p t i o n s  
NO. 1 E l e c t r o d e  67267-3: MRD Rh/Vermiculite l a m i n a r  on 60.mesh 
s t a i n l e s s  s t e e l  s c r e e n  w i t h  0.17 g Rh/in.;! 
l a y e r  made by mixing powdered v e r m i c u l i t e  and Tef lon  d i s -  
p e r s i o n  a n d  c u r i n g .  
No. 2 E l e c t r o d e  67267-4: MRD R h  e l e c t r o d e  mated to si l ica  ge l ,  
g lasswool ,  Te f lon  d i f f u s i o n  bar r ie r .  Rh anode has 0.55 g 
Rh/in.2 on 60 mesh s ta inless  s t e e l  s c r e e n .  
r i e r  made by mixing i n g r e d i e n t s  i n  a Waring b l e n d e r ,  s h e e t -  
i n g ,  and  c u r i n g  (Notebook reference 5080). 
Vermicu l i t e  
D i f f u s i o n  b a r -  
No. 3 E l e c t r o d e  67267-0 and -2: Double MRD Rh e l e c t r o d e  mated 
to porous  s t a i n l e s s  s t e e l  p laque .  Rh anode has  1.10 g 
Rh p e r  in.;! on 60 mesh s ta in less  s t e e l  screen. S t a i n l e s s  
s t e e l  plaque from C l e v i t e  Corp., 60-65$ porous,  0.030 i n .  
t h i c k .  
T e s t  R e s u l t s  
Anode P o t e n t i a l  a t  
Open C i r c u i t  I n d i c a t e d  Cur ren t  Dens i ty ,  
E l e c t r o d e  - Gas Evo lu t ion ,  v o l t s  v e r s u s  SHE 







-0.32 +1* 18 - 
+0.38 +0.54 +O. 84 


















o m  e o  
a m  d o  













































































T a b l e  XXX 
TEST RESULTS ON LIQUID ANHYDROUS N2H4 FUEL 
C e l l  Desc r ip t ion  
3 x 3 inch  Standard Endplates  
MRC-C/Pt 
// Dummy Gelled 
5 M  HJPOB Ion 
Anhydrous mD-C/Pt / /E le  c t r o l y  te/Exc hange/Ele e Membrane Elec t rode  N 2 H 4  'Electrode Pumped 
Fuel  : 99+$ N 2 H 4  metered a t  10 ml/min or t ank  H 2  metered 
a t  3 i n .  H20 p res su re ,  s l i g h t  purge 
"Luggin C a p i l l a r y "  cons t ruc t ed  from a Teflon s p a g h e t t i  
Ref e re  n c e 
E lec t rode  : 
tube i n s e r t e d  i n t o  e l e c t r o l y t e  c a v i t y  i n  c e l l  and 
p o s i t i o n e d  a g a i n s t  t h e  anode face. 
E l e c t r o l y t e :  Pumped through c e l l  a t  a rate s u f f i c i e n t  t o  in su re  
adequate  c e l l  performance . 
Elec t rode  : Standard  MRD-C/Pt wi th  0.050 g P t / in .  
Data 
1. P o l a r i z a t i o n  Curve - N2H4 
Anode P o t e n t i a l  a t  Ind ica t ed  
Temp , Current  Densi ty  ( v o l t s  vs  SHE ) ,ma/cm2 
O C  Fuel-50ioz ' 0  200 
2 .  Open C i r c u i t  Gas Evolut ion - N 2 H 4  Fuel  
Measured N 2 H 4  Equivalent  N 2 H 4  
Temp, Gas Evolu t ion ,  Decomposed, Current  Densi ty ,  
O C  f t "/hr g/hr ma/cm2 
25 0.000 0.00 0 
45 0.015 0.19 10.6 
3 .  30-minute Run, 45"C, 100 ma/cm2, N 2 H 4  Fue l  
I n i t i a l  e l e c t r o d e  p o t e n t i a l :  +0.12 v vs  SHE 
Elec t rode  p o t e n t i a l  a f t e r  30 minutes:  +0.14 v vs SHE 
Volume of gas  evolved:  
T h e o r e t i c a l  gas  volume : 
0.030 f t 3  
0.0075 P t 3  from decomposition 
0.0242 f t 3  from e l ec t rochemica l  r e a c t i o n  
0.0317 f t "  TOTAL 
106 
The fo l lowing  s t a t e m e n t s  can  be made on the basis  of these  
t e s t s :  
( a )  The p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of l i q u i d  N 2 H 4  
w i th  t h e  carbon/Pt  e l e c t r o d e  (even a t  lower 
t e m p e r a t u r e s )  are  s u f f i c i e n t  t o  e n s u r e  a h igh  
power o u t p u t .  For  example, a power d e n s i t y  o f  
85 mW/cm2 i s  p o s s i b l e  i f  t h e  r e s u l t s  a t  45OC, 
1 0 0  mA/cm2 are  combined w i t h  t h e  r e s u l t s  of N 2 O 4  
ca thode  t e s t i n g  (6OoC, 100  mA/cm2, 1 . 0 0  V vs SHE) .  
( b )  The performance o f  N 2 H 4  w i t h  t h i s  e l e c t r o d e  compares 
favorably w i t h  H2 f u e l  performance a t  t h e  same 
t empera tu re .  
( c )  The se l f -decomposi t ion  r a t e  measured i n  t h i s  t e s t  
would l i m i t  t h e  N 2 H 4  c u r r e n t  e f f i c i e n c y  t o  c i r c a  
9 0 %  a t  1 0 0  mA/cm2. However, t he re  i s  some i n d i c a -  
t i o n  t h a t  t h e  se l f -decomposi t ion  r a t e  d e c r e a s e s  as 
c u r r e n t  i s  drawn from t h e  e l e c t r o d e .  
D .  ONE-THIRD SQUARE FOOT CELL OPERATION ON REFORMER STREAMS 
1. Background 
The o b j e c t i v e  of t h i s  work was t o  de te rmine  e l e c t r o d e  p e r f o r -  
mance on t h e  decomposed p r o p e l l a n t  streams i n  a 1/3 f t 2  half  
c e l l ,  Both t h e  power d e n s i t i e s  and coulombic e f f i c i e n c i e s  of  
t h e  p o s s i b l e  combina t ions .o f  e l ec t ro ' de ,  e l e c t r o l y t e ,  and 
r e a c t a n t  stream composi t ions  were o f  i n t e r e s t .  
The t e s t  c e l l  set-up used was i d e n t i c a l  t o  t h a t  descr ibed  f o r  
t h e  N 2 O 4  ca thode  c h a r a c t e r i z a t i o n  i n  S e c t i o n  V . B . 2 . b ,  and 
F i g u r e  1 8 ' i s  a p p l i c a b l e  t o  t h i s  s e c t i o n .  
was i d e n t i c a l  except  t h a t  t e s t s  were a l s o  r u n  w i t h  5M KOH 
e l e c t r o l y t e .  
The t e s t  procedure  
2 .  I n i t i a l  T e s t i n g  
E l e c t r o d e s  used i n  t hese  t e s t s  were s t a n d a r d  MRD carbon/Pt 
laminar  e l e c t r o d e s ,  w i t h  50 mg o f  Pt/in.2 on a 0.025-in.  
t h i c k  carbon/Teflon m a t r i x  suppor ted  by a s t a i n l e s s  s t e e l  s c r e e n . '  
The u n i t  was assembled and r u n  on t a n k  02 and H2 t o  c h a r a c t e r -  
i z e  t h e  e l e c t r o d e  performance b e f o r e  re former  streams were used .  
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Anode performance was reasonab ly  s a t i s f a c t o r y  a t  b o t h  6OoC 
and 8 0 ° c  i n  b o t h  a c i d  and a l k a l i n e  e l e c t r o l y t e s .  However, 
ca thode  p o l a r i z a t i o n  was s e v e r e  a t  b o t h  t e m p e r a t u r e s  and i n  
bo th  e l e c t r o l y t e s .  The performance appeared t o  be  independent  
o f  O2 feed r a t e ,  and t h e r e  were i n d i c a t i o n s  t ha t  I R  l o s s e s  
were t h e  major  sou rce  of  p o l a r i z a t i o n ,  S ince  t h e  r e f e r e n c e  
e l e c t r o d e  was a Luggin c a p i l l a r y  t h e  I R  l o s s e s  due t o  
e l e c t r o l y t e  r e s i s t i v i t y  should  have been q u i t e  small. The 
main r e s i s t a n c e  must t h e n  have been i n  t he  e l e c t r o d e  i t s e l f  
and i n  t h e  c u r r e n t  c o l l e c t o r  on t h e  r e v e r s e  s i d e  of  t h e  e l e c -  
t r o d e .  T h i s  c o n s i s t e d  of  t h e  e l e c t r o d e  suppor t  s c r e e n  and t h e  
r e a c t a n t  f low p l a t e ,  b o t h  o f  which were s t a i n l e s s  s t e e l .  
Seveyal  o t h e r  t e s t s  were r u n  t h a t  tended  t o  conf i rm these  
r e s u l t s .  The e l e c t r o d e  was removed from t h e  c e l l  and s e v e r a l  
small ( e a .  3 cm2) s e c t i o n s  were t e s t e d  i n  a g lass  half  c e l l  
u s i n g  a Kordesch-Marko b r idge  t o  o b t a i n  IR-free p o t e n t i a l s .  
At, 8 0 ° c  u s i n g  5M H3P04 e l e c t r o l y t e ,  IR-free p o t e n t i a l s  o f  
0 . 8 1 - 0 . 8 3  V v s  SHE e l e c t r o d e  were o b t a i n e d  a t  a c u r r e n t  equiv-  
a l e n t  t o  90 ASF. 
The c e l l  was subsequen t ly  r e b u i l t  w i t h  t h e  s t a i n l e s s  s t e e l  
e l e c t r o d e  s c r e e n ,  t h e  r e a c t a n t  f low p l a t e ,  and t h e  c e l l  back- 
i n g  p l a t e  a11 g o l d  p l a t e d  over  a n i c k e l  p l a t e  s t r i k e .  The 
t e s t  r e s u l t s  on t h i s  r e b u i l t  c e l l  a re  shown i n  F igu re  2 2 .  
The ca thode  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  were much b e t t e r  and 
confirmed t h e  importance of  l o w - r e s i s t a n c e  c u r r e n t  c o l l e c t i o n  
i n  a c e l l  o f  t h i s  s i z e .  We est imate  t h a t  t h e  t o t a l  r e s i s t i v i t y  
o f  t h e  e l e c t r o d e  and c u r r e n t  c o l l e c t o r  combinat ion i n  t h e  
o r i g i n a l  t e s t s  was 1 4  mi l l i ohms ,  However, a t  30 amperes, 
t h i s  r e s i s t a n c e  w i l l  produce 0 . 4  V o f  I R  p o l a r i z a t i o n .  
3 .  H7  Half C e l l  T e s t i n g  
Using t h e  Au-plated components, t h e  o p e r a t i o n  of  t h e  e l e c t r o d e  
on H, was more f u l l  c h a r a c t e r i z e d ,  The r e s u l t s  a r e  summarized 
i n  Table X X X I I ,  I n  T a b l e  X X X I I C A )  t h e  r e s u l t s  of  t e s t i n g  on 
. t a n k  H a t  v a r i o u s  f low r a t e s  are  shown. The l i m i t i n g  s t o i c h -  
i o m e t r f c  c u r r e n t s  were c a l c u l a t e d  based on t h e  r e a c t i o n :  
H2 = 2H" 4- 2e- ( 3 3 )  
F o r  t h i s  r e a c t i o n ,  one s t a n d a r d  c u b i c  f o o t  (SCF) o f  Hi i s  
e q u i v a l e n t  t o  62.5 ampere-hours, Thus 1 SCF p e r  hour  (SCFH) 
w i l l  s uppor t  62.5 amperes. The r e s u i t s  show that  t h e  H2 u t i l i -  
z a t i o n  i s  n e a r  s t o i c h i o m e t r i c  w i t h  t h e s e  e l e c t r o d e s  and t h a t  
p o l a r i z a t i o n  w i l l  be l ess  t h a n  0 . 1 0  v o l t  up t o  t h e  s t o i c h i o -  
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I n  T a b l e  XXXII(B) t h e  r e s u l t s  of c o u p l i n g  t h e  Aerozine-50 
s t r eam reformer-Pd d i f f u s e r  combinat ion t o  t he  c e l l  a r e  
shown. More exac t  measurements of  f l o w  r a t e s  and l i m i t i n g  
c u r r e n t s  were made. These r e s u l t s  i n d i c a t e  t h a t  t h e  H 2  u t i l -  
i z a t i o n  e f f i c i e n c y  was g r e a t e r  t h a n  95% i n  t h e s e  t e s t s .  
4 .  Op Half C e l l  T e s t i n g  
The r e s u l t s  of  similar t e s t i n g  on t a n k  0 2  are  g iven  i n  Tab le  
X X X I I I .  Although n e a r  s t o i c h i o m e t r i c  u t i l i z a t i o n  was rea l ized  
b e f o r e  heavy p o l a r i z a t i o n  occur red ,  t h e  magnitude of p o l a r f z a -  
t i o n  up t o  t h i s  p o i n t  was g e n e r a l l y  much h i g h e r  t h a n  was found 
w i t h  H 2 .  I n  a d d i t i o n ,  t h e  v a l u e s  were sometimes d i f f i c u l t  t o  
reproduce e x a c t l y  and i t  was found t h a t  t h e  e l e c t r o d e  p o t e n t i a l  
depended t o  some e x t e n t  on p r e t r e a t m e n t .  A p e r i o d  of  slow 
c a t h o d i z a t i o n  wi thou t  0 2  f lowing  seemed t o  have a b e n e f i c i a l  
e f f e c t .  These r e s u l t s  a r e  comple te ly  i n  agreement w i t h  t h e  
well-documented f a c t  ( b o t h  i n  our work and t h a t  of  o t h e r s  i n  
t h e  f i e l d )  t h a t  a P t - ca t a lyzed  0 2  e l e c t r o d e  i s  no t  r e v e r s i b l e  
i n  a c i d  e l e c t r o l y t e s .  Larger  p o l a r i z a t i o n s  and d i f f i c u l t y  i n  
e x a c t  r e p r o d u c t i o n  of  data a r e  t o  be expec ted .  
5 .  Half C e l l  T e s t i n g  on Unscrubbed N , 0 4  Decomposer Stream 
The o b j e c t i v e  o f  t h i s  t e s t  was t o  de te rmine  i f  h igher  e l e c t r o -  
chemical  u t i l i z a t i o n  of  N 2 O 4  could  be  r e a l i z e d  b y  p a r t i a l l y  
decomposing t h e  r e a c t a n t  f i r s t .  I n  a p r e v i o u s  s e c t i o n  t h e  
r e s u l t s  o f  t e s t i n g  1/3 f t 2  c e l l s  on pure  N 2 O 4  were r e p o r t e d .  
Coulombic e f f i c i e n c i e s  of 27% were measured i n  t h o s e  t e s t s .  
The product  stream from t h e  N 2 O 4  decomposer was f e d  d i r e c t l y  t o  
t h e  c e l l  th rough a h e a t e d  l i n e  ( t o  p reven t  condensa t ion  of  t h e  
un reac ted  N 2 O 4 ) .  The r e s u l t s  of  t h e  subsequent  t e s t s  a r e  sum- 
marized i n  Table  X X X I V .  Very u n s t a b l e  e l e c t r o d e  p o t e n t i a l s  
were found; t h e r e  seemed t o  be a slow c y c l i n g  o f  t h e  p o t e n t i a l  
t h a t  was independent  o f  c u r r e n t  d e n s i t y  and r e a c t a n t  f e e d  r a t e .  
T h i s  t ype  o f  behavior  had not  been found i n  p r i o r  t e s t i n g  w i t h  
pu re  N 2 O 4 .  The data a r e  very d i f f i c u l t  t o  i n t e r p r e t  and no 
r e l i a b l e  conc lus ions  can  be made about  u t i l i z a t i o n  e f f i c i e n c y  









> k  
c d c d  





















































































HALF CELL TESTS ON UNSCRUBBED 
N 2 O 4  DECOMPOSER STREAM 
. Electrode: MRD Carbon/Pt laminar, 50mgPt/in2 60 mesi S.S. 
screen Au plated over Ni strike. Electrode 
Area = 49in2 
Electrolyte: 5 M H3P04, pumped 
Temperature: 8 o o c  
Reactant : Product stream from N2O4 Decomposer Measured 
Rates: 0.268 SCFH of gas of composition 67.6% 0 2  
and 32.4% N2 (by VPC) plus 4g/hour of unreacted 
N2O4 
Stoichiometric For 02 alone: 23 amps 
Limiting For total stream: 32 amps 
Currents : 
Current From Cell 










Electrode Potential vs SHE** volts 
0.77 - 0.94 
0.51 - 0.78 
0.60 - 0.94 
0.63 - 0.93 
0.59 - 0.90 
0.53 - 0.90 
0.48 - 0.74 
0.45 - 0.50 
0.59 - 0.86 
* Chronological order ** Values are lowest and highest potentials recorded during 
20-30 minutes at each current. 
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E .  C O N C L U S I O N S  AND RECOMMENDATIONS 
We s u c c e s s f u l l y  o b t a i n e d  a g r e a t l y  improved N 2 O 4  ca thode  
coulombic e f f i c i e n c y  p r i m a r i l y  as a r e s u l t  o f  the  d e s i g n  o f  
a n  e f f i c i e n t  r e a c t a n t  f l ow p l a t e .  The e f f i c i e n c i e s  r e p o r t e d  
h e r e  are n e a r l y  a n  o r d e r  o f  magni tude b e t t e r  t h a n  t h o s e  
r e p o r t e d  on o u r  p r e v i o u s  c o n t r a c t  (Ref. 2 ) .  The ca thode  was 
demons t r a t ed  i n  a 1/3 f t 2  s i z e  a t  p r a c t i c a l  c u r r e n t  d e n s i t i e s .  
The same d e g r e e  o f  s u c c e s s  was n o t  rea l ized  w i t h  the  Aerozine-50 
anode d e s p i t e  t e s t i n g  o f  a v a r i e t y  o f  e l e c t r o d e  s t r u c t u r e s  f o r  
t h i s  s e r v i c e .  Those e l e c t r o d e s  w i th  s a t i s f a c t o r y  e l e c t r i c a l  
c h a r a c t e r i s t i c s  i n v a r i a b l y  a l s o  caused  e x c e s s i v e  s e l f -  
decomposi t ion  o f  t h e  f u e l  and/or  p r e c i p i t a t i o n  o f  h y d r a z i n e  
phospha te s  due t o  mixing o f  f u e l  and e l e c t r o l y t e .  
An e l e c t r o d e  o p e r a t i n g  from p u r e  anhydrous N 2 H 4  has been s u c c e s s -  
f u l l y  demons t r a t ed  and cou ld  be deve loped  f o r  f u e l  c e l l  s e r v i c e  
w i t h  a n  N 2 O 4  c a t h o d e .  A more pqomising s y s t e m ,  however, i s  a 
H 2 I N 2 O 4  c e l l  w i t h  t h e  H 2  s u p p l i e d  by t h e  Aerozine-50 steam 
r e f o r m e r .  We have p r e v i o u s l y  shown t h a t  t h e  €32 anode i s  compat- 
i b l e  w i t h  t h i s  c a t h o d e .  
Half c e l l s  o f  1/3 f t 2  s i z e  were o p e r a t e d  on H2 and 0 2 .  The €32 
ha l f  c e l l  p o l a r i z e d  l e s s  t h a n  0 . 1 0  V a t  90 ASF and o p e r a t e d  a t  
a coulombic e f f i c i e n c y  above 95% on t h e  stream from t h e  Pd mem- 
b rane  d i f f u s e r .  The 0 2  e l e c t r o d e  appeared  t o  o p e r a t e  a t  n e a r l y  
t h e  same coulombic e f f i c i e n c y .  However, it p o l a r i z e d  more under  
l o a d .  Opera t ion  o f  t h e  unscrubbed N 2 O 4  decomposer stream was 
attempted, b u t  u n s t a b l e  e l e c t r o d e  p o t e n t i a l s  were found.  It i s  
recommended t h a t  s c r u b b i n g  o f  r e s i d u a l  N 2 O 4  from t h i s  stream be 
i n c l u d e d  i n  system c o n s i d e r a t i o n s .  

V I .  REMOVAL OF UNREACTED N 2 O 4  FROM THE 
N 2 0 4  DECOMPOSER STREAM 
A .  BACKGROUND 
The expe r imen ta l  r e s u l t s  on t h e  decomposi t ion of N 2 0 4  r e p o r t e d  
i n  s e c t i o n  I V  i n d i c a t e  t h a t  conve r s ion  e f f i c i e n c i e s  above 80- 
85% w i l l  p robably  r e q u i r e  p r o h i b i t i v e l y  h i g h  r e s i d e n c e  t imes i n  
t h e  r e a c t o r .  T h i s  means p r o h i b i t i v e  s i z e  and weight of  equip-  
ment would be  r e q u i r e d  to i n c r e a s e  conve r s ion  e f f i c i e n c i e s  t o  
t h e  p o i n t  where an  i n - l i n e  c a u s t i c  s c r u b b e r  would b e  f e a s i b l e  
f o r  any bu t  t h e  s h o r t e s t  mi s s ion  t imes .  The s o l u t i o n  to t h i s  
problem l i e s  i n  t h e  development of  a r e g e n e r a b l e  s c r u b b e r .  
After p r e l i m i n a r y  expe r imen ta t ion  w i t h  s e v e r a l  a l t e r n a t e s ,  t h e  
concept  s e t t l e d  upon as most promis ing  was a dual column adsorp-  
t i o n  u n i t .  
A concep tua l  d e s i g n  of  one c o n f i g u r a t i o n  of  t h e  proposed u n i t  
i s  diagrammed i n  F i g u r e  23.  The a d s o r p t i o n  u n i t  c o n s i s t s  of two 
columns packed w i t h  adso rben t ,  one of  which adso rbs  N 2 O 4  from t h e  
r e a c t o r  gas stream while  t h e  o t h e r  column deso rbs  to space  vacuum. 
When t h e  a d s o r b e r  becomes s a t u r a t e d ,  the  f u n c t i o n s  of t h e  two 
columns are  r e v e r s e d .  
E a z h  o f  t h e  packed columns c o n t a i n s  a c e n t r a l  heat exchanger  
( i n d i c a t e d  by t h e  s p i r a l  l i n e )  t o  e f f e c t  heat exchange between 
t h e  packing  and t h e  b o i l i n g  l i q u i d  N 2 O 4  d u r i n g  t h e  a d s o r p t i o n  
c y c l e ,  and a separate  heat exchanger  a t t a c h e d  t o  each  column 
t o  p rov ide  f o r  c o o l i n g  of t h e  r e a c t o r  gas stream p r i o r  t o  i t s  
e n t e r i n g  t h e  bed .  Another heat exchange f u n c t i o n  i s  i n d i c a t e d  
by t h e  o u t e r  c o i l e d  t u b e  p r o v i d i n g  f o r  t h e  p r e h e a t i n g  o f  t h e  
columns b y  t h e  r e a c t o r  gas stream d u r i n g  d e s o r p t i o n .  A porous 
walled c o r e  t u b e  i n  each  column p r o v i d e s  open a c c e s s  o f  space  
vacuum t o  t h e  column packing  d u r i n g  d e s o r p t i o n .  
The g e n e r a l  o p e r a t i n g  p r i n c i p l e s  o f  t h i s  u n i t  are as f o l l o w s .  
The column e n t e r i n g  t h e  d e s o r p t i o n  p a r t  o f  t h e  c y c l e  i s  i n i t i a l l y  
heated by  t h e  hot  r e a c t o r  gases  t o  some t empera tu re  a t  which 
( a f t e r  t h e  h e a t i n g  i s  d i s c o n t i n u e d  and t h e  column i s  opened t o  
space vacuum) t h e  column w i l l  b e  a d i a b a t i c a l l y  r e t u r n e d  t o  n e a r  
i t s  i n i t i a l  t empera tu re  by t h e  e v a p o r a t i v e  c o o l i n g  of t h e  desorb-  
i n g  N2O4 i n  t h e  u n i t .  The adso rb ing  u n i t  i s  f ed  i n i t i a l l y  w i t h  
t h e  r e a c t o r  gases p a r t i a l l y  cooled  by t h e  deso rb ing  column and 
l a t e r  i n  t h e  c y c l e  d i r e c t l y  w i t h  t h e  hot  g a s e s ,  The l i q u i d  N2O4 
from tankage  is f e d  con t inuous ly  t o  t h e  adso rb ing  column heat 
exchanger ,  
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I n  more d e t a i l ,  t h e  s y s t e m  would o p e r a t e  as f o l l o w s ,  s t a r t i n g  
a t  a p o i n t  i n  which column E I f n  F i g u r e  23 i s  j u s t  comple t ing  
an a d s o r p t i o n  c y c l e  and column I a d e s o r p t i o n  c y c l e ,  The com- 
p l e t i o n  o f  t h i s  c y c l e  i s  i n d i c a t e d  b y  t h e  i n i t i a l  show o f  N2O4 
gas  i n  t h e  p u r i f i e d  N 2 0 ~  p roduct  m i x t u r e o  A t  t h i s  p o i n t  i n  t h e  
c y c l e ,  b e f o r e  N204 gas appears i n  t h e  p r o d u c t ,  v a l v e  I i s  open 
t o  vacuum and v a l v e s  B ,  D ,  G ,  and H a re  open t o  supply  r e a c t i o n  
product  gas and t h e  l i q u i d  N2O4 stream t o  t h e  a d s o r b i n g  column, 
A l l  v a l v e s  n o t  i n d i c a t e d  as open are c l o s e d ,  When t h e  o p e r a t i o n  
of  t h e  u n i t  is swi t ched  s o  t h a t  column I1 is s t a r t i n g  t h e  desorp-  
tion c y c l e  and column I t h e  a d s o r p t i o n  c y c l e ,  t h e  open v a l v e s  are  
F and C ,  T h i s  p r o v i d e s  f o r  t h e  p r e h e a t i n g  of  column 11 b y  t h e  
r e a c t o r  p roduc t  g a s e s ,  t h e  adsoi-.ption o f  t h e  N 2 0 4  on t h e  packing  
i n  t h e  vacuum c leaned  column E ,  and t h e  c o o l i n g  of  column I by 
t h e  l i q u i d  I\T2O4. When s u f f i c i e n t  energy  is s u p p l f e d  t o  column P I  
t o  p rov ide  P o r  t h e  e v a p o r a t i s n  of  t h e  N204 adsorbed  i n  i t ,  v a l v e s  
F and C a m  c l o s e d  and v a l v e  A i s  opened, u n t i l  t h e  comple t ion  of  
a d s o r p t i o n  c y c l e  i n  column E and t h e  d e s o r p t i o n  i n  column I1 a t  
"which t i m e  t h e  o p e r a t i o n s  a re  a g a i n  swi t ched ,  
A development program was i n i t i a t e d  t o  scIpeen p o s s i b l e  a d s o r b e n t s  
and de termine  t h e  s o r p t i o n  c h a r a c t e r i s t i c s  o f  t h e  o p t i m i n a l  ad- 
s o r b e n t  o 
B. I N I T I A L  STUDIES 
1, Screen ing  o f  Adsopbents and S o r p t i o n  Experiments  w i t h  
Molecular  S i eve  
a ,  Apparatus  and Methods 
Smal l  a d s o r p t i o n  u n i t s  were c o n s t r u c t e d  f o r  t h e  adsorp-  
t i o n  of  N20k from a c a r r i e r  gas  mix tu re  c o n s i s t i n g  of  
34 mol  % N 2  and 66  m o l  % 0 2 .  These a d s o r p t i o n  u n i t s  
were made of  Pyrex  g l a s s .  They had an  i n s i d e  diameter 
of l , 2  cm and an e f f e c t i v e  l e n g t h  of  8 cm. The f low 
r a t e s  o f  t h e  gas  mixture  and of  N2O4 were monitored 
w i t h  s e p a r a t e  f low meters,  The f l o w  meter f o r  t h e  gas 
mix tu re  was c a l i b r a t e d  w i t h  a wet t e s t  meter, w h i l e  
t h a t  f o r  t h e  N204 was c a l i b r a t e d  by bubb l ing  t h e  stream 
th rough  1 0 %  H202 s o l u t i o n  and t i t r a t i n g  t h e  r e s u l t i n g  
s o l u t i o n  w i t h  a s t a n d a r d  N a O H  s o l u t i o n ,  The amount o f  
N 2 0 4  adsorbed  was de termined  b y  weighing t h e  a d s o r p t i o n  
t u b e  and s o r b e n t  with an  ana1yt fca . l  b a l a n c e  b o t h  b e f o r e  
and a f t e r  a d s o r p t i o n ,  The bpeakthrough t ime  was de te r -  
mined b o t h  b y  v i s u a l  o b s e r v a t i o n  o f  t h e  brown c o l o r  
a p p e a r i n g  I n  t h e  e x i t  stream from t h e  a d s o r p t i o n  bed 
and b y  t h e  change o r  c o l o r  o f  a w e t  l i t m u s  p a p e r o  
b .  Sc reen ing  of S o r b e n t s  
F ive  s o r b e n t s  were sc reened  f o r  t h e  a d s o r p t i o n  o f  
N2O4. They were: (1) molecular  s i e v e  l3X, 1/16 i n .  
p e l l e t s ;  (2) molecular  s f e v e  4A, 1/16 i n .  p e l l e t s ;  (3) 
s i l i c a  g e l ,  14 x 20 mesh; (4) a c t i v a t e d  carbon BPL, 
13 x 30 mesh; and (5) chromosorb, a c i d  washed, 
30 x 40 mesh, The N2O4 f low r a t e  was 3.1 to 3.7 g/hr  
and t h e  c a r r i e r  gas f l o w  r a t e  was LO U h r .  The sc reen -  
i n g  r u n s  were conducted a t  room t empera tu re  (25-27OC). 
The r e s u l t s  are g iven  i n  Table  XXXV. Among t h e  f i v e  
s o r b e n t s  t e s t e d ,  molecular  s i e v e  13X showed t h e  h i g h e s t  
N2O4 a d s o r p t i o n  c a p a c i t y  a t  break  p o i n t ,  0.24-0.29 g 
N204/g s o r b e n t .  The a d s o r p t i o n  c a p a c i t y  of  t h e  o t h e r  
s o r b e n t s  e v a l u a t e d  was 0.04 g/g f o r  s i l i c a  g e l ;  0 . 0 3  g/g 
f o r  a c t i v a t e d  carbon;  0.007 g/g f o r  molecular  s i e v e  4 A ;  
and 0.003 g/g f o r  chromosorb. 
The f a c t  t h a t  t h e  a d s o r p t i o n  c a p a c i t y  of  a c t i v a t e d  c a r -  
bon was an o r d e r  of magnitude lower t h a n  t h a t  of molec- 
u l a r  s i e v e  l3X was s u r p r i s i n g .  Measurement of t h e  bed 
t empera tu re  d u r i n g  t h e  laun w i t h  a c t i v a t e d  carbon showed 
t h a t  t h e  bed r eached  305OC. T h i s  i n d i c a t e s  e v o l u t i o n  
of a l a r g e  amount of h e a t  and s u g g e s t s  t h a t  t h e  adsorp-  
t i o n  i s  chemiso rp t ive  i n  n a t u r e .  The r e s u l t i n g  h i g h  
t empera tu re  o f  t h e  bed may be r e s p o n s i b l e  f o r  t h e  low 
a d s o r p t i o n  c a p a c i t y  of a c t i v a t e d  carbon.  
c .  Adsorp t ion  Experiments  
Adsorpt ion exper iments  were con t inued  w i t h  molecular  
s i e v e  13X as t h e  s o r b e n t .  Runs were made a t  f i v e  tem- 
p e r a t u r e  l e v e l s ,  26O, 7 2 O ,  L O O o ,  l5Oo, and 200OC; and a t  
t h r e e  d i f f e r e n t  N2O4 f l o w  r a t e s ,  2.0, 3.2, and 10 g/hr .  
The c a r r i e r  gas was composed o f  34 mole % N2 and 66 mole 
% 02. The f l o w  r a t e  of t h e  c a r r i e r  gas was f i x e d  a t  
1 0  l / h r  (25OC, 1 atm) i n  a l l  c a s e s .  The N2O4 c o n t e n t s  
of t h e  s o r b e n t  a t  t h e  break  p o i n t  are g iven  i n  T a b l e  
XXXVI. These d a t a  a r e  p l o t t e d  i n  F i g u r e  24 as a func-  
t i o n  of t empera tu re  and N2O4 f l o w  r a t e .  The N2O4 c o n t e n t  
a t  t h e  b reak  p o i n t  dec reased  as t h e  t empera tu re  was i n -  
c r e a s e d .  T h i s  i s  expec ted  because a d s o r p t i o n  i s  an exo- 
the rmic  p r o c e s s  and i s ,  t h e r e f o r e ,  f avored  by low tempera-  
t u r e s .  A t  h i g h  N2O4 f low r a t e s ,  t h e  N2O4 c o n t e n t  a t  t h e  
b reak  p o i n t  dec reased  c o n s i d e r a b l y  a t  26OC t o  72OC, b u t  
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T a b l e  X X X V I  
ADSORPTION OF N 2 0 4  WITH M O L E C U L A R  S I E V E  13X 
N 2 0 4  Content  a t  Break P o i n t ,  g / g  
N 7 0 1 ,  F l o w  Rate*  
g/hr 26°C - 7 2 ° C  100°C 150°C 200°C 
0 .194  0 . 1 5 4  0 . 078 0 , 0 5 2  2 . 0  . 2 . 4  0 , 2 9 0  
0 .255 
3 . 0  - 3.7 0 . 2 8 6  0 . 2 0 2  0 . 1 2 8  0 . 0 7 2  0 . 0 4 9  
0 . 2 4 2  
9 . 7  - 1 1 . 4  0 . 1 6 0  0 .121  0.,106 0 . 0 6 2  0 . 0 4 3  
. 0 . 1 7 7  
* C a r r i e r  Gas ( 1 / 3  N 2  t 2 /3  02) f l o w  r a t e  = 10 a l h r ,  @ 25"C, 1 a t m  




































d .  Desorp t ion  Experiments  
Desorp t ion  exper iments  were a l s o  c a r r i e d  o u t  a t  f i v e  
t empera tu re  l e v e l s ,  26*, 7 2 O ,  L O O o ,  150°, and 2 0 0 O C .  
A vacuum of  30 i n ,  Hg was used f o r  t h e  d e s o r p t i o n .  
Molecular  s i e v e  13X was t h e  o n l y  s o r b e n t  used i n  t h i s  
s t u d y  a 
During t h e  d e s o r p t i o n  r u n ,  t h e  N 2 O 4  c o n t e n t ,  X ,  ex- 
p r e s s e d  i n  grams o f  N 2 O 4  p e r  gram of  s o r b e n t ,  was 
f o l l o w e d  w i t h  t ime ,  t ,  i n  minu tes ,  The i n t e g r a l  cu rve ,  
X v e r s u s  t, was d i f f e r e n t i a t e d  b y  p l o t t i n g  A X / A t  v e r s u s  X .  
The i n s t a n t a n e o u s  r a t e  o f  d e s o r p t i o n  dX/dt, i n  g N 2 O 4 / g  
sorbent -minute ,  was o b t a i n e d  from t h e  p l o t  a s  a f u n c t i o n  
o f  N 2 O 4  c o n t e n t ,  X, F i g u r e  25 p r e s e n t s  t h e  r a t e s  o f  
d e s o r p t i o n  a t  f i v e  t empera tu re  l e v e l s .  It i s  seen  t h a t  
t h e  r a t e  i n c r e a s e d  r a p i d l y  w i t h  t h e  t empera tu re ,  and 
t h a t ,  a t  each  t empera tu re  l e v e l ,  t h e  r a t e  dec reased  
l i n e a r l y  w i t h  t h e  N 2 O 4  c o n t e n t  of t h e  s o r b e n t .  T h i s  
r e l a t i o n s h i p  con t inued  u n t i l  a c e r t a i n  N 2 O 4  con ten t  was 
r eached .  Beyond t h i s  p o i n t  t h e  s l o p e  of t h e  curve r e -  
duced d r a s t i c a l l y ,  and t h e  r a t e  was ext remely  s l o w .  T h i s  
c r i t i c a l  N 2 O 4  c o n t e n t  v a r i e d  w i t h  t h e  t empera tu re  o f  
d e s o r p t i o n .  A t  2 6 O C  t h e  c r i t i c a l  N 2 O 4  c o n t e n t  was about  
0 .18  g/g, wh i l e  a t  2 O O 0 C ,  i t  was about  0 ,08  g/g. 
e .  Adsomt ion -Desomt ion  C s c l i n a  
Two a d s o r p t i o n - d e s o r p t i o n  c y c l i n g  exper iments  were con- 
duc ted .  I n  one experiment  t h e  a d s o r p t i o n  was done a t  2 6 O ,  
t h e  d e s o r p t i o n  a t  7 2 O C .  I n  t h e  o t h e r  experiment  t h e  
a d s o r p t i o n  was a l s o  done a t  2 6 O C ,  b u t  t h e  d e s o r p t i o n  a t  
1 0 0 ° C .  Both  exper iments  were c a r r i e d  o u t  to 1 0  c y c l e s .  
The r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e s  26  and 2 7 .  At 7 2 O C  
d e s o r p t i o n  c y c l i n g  ( F i g u r e  2 6 ) ,  t h e  e f f i c i e n c y  of t h e  
s o r b e n t  g r a d u a l l y  dec reased  as i n d i c a t e d  by t h e  approach-  
i n g  o f  t h e  a d s o r p t i o n  and d e s o r p t i o n  cu rves .  A t  100°C 
d e s o r p t i o n  c y c l i n g  ( F i g u r e  2 7 ) ,  t h e  a d s o r p t i o n  and 
d e s o r p t i o n  cu rves  remained p a r a l l e l  and t h e  s o r b e n t  showed 
no s i g n s  of  d e t e r i o r a t i o n  up to 1 0  c y c l e s .  
f .  Discussfon  of I n i t i a l  R e s u l t s  w i t h  13X Molecular  S i eve  
F i g u r e  2 4  shows d a t a  f o r  t h e  a d s o r p t i o n  of N 2 O 4  o b t a i n e d  
by a l lowing  a mixture  o f  N 2 O 4  i n  a c a r r i e r  gas  c o n s i s t i n g  
of  34 mole % N 2  and 66  mole % O 2  t o  f l o w  through a packed 
bed c o n t a i n i n g  molecular  s i e v e  13X. The amount o f  N 2 O 4  
adsorbed was determined by weighing t h e  t u b e  and s o r b e n t  
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F i g u r e  2 5 .  D e s o r p t i o n  o f  N 2 O 4  from M o l e c u l a r  S i e v e  13X 
N 2 0 4  C o n t e n t ,  X ,  g / g  
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w i t h  an a n a l y t i c a l  ba l ance  b o t h  b e f o r e  and a f t e r  
a d s o r p t i o n .  The breakthrough t ime was determined 
b o t h  by  v i s u a l  o b s e r v a t i o n  of  t h e  brown c o l o r  
appea r ing  i n  t h e  e x i t  s t r eam f rom t h e  a d s o r p t i o n  
bed and by t h e  change of c o l o r  of a wet l i t m u s  
paper .  S ince  t h e  c a r r i e r  gas f low r a t e  was con- 
s t a n t ,  an i n c r e a s e  i n  t h e  N2O4 f low r a t e ,  as shown 
on t h e  f i g u r e ,  i s  e q u i v a l e n t  t o  an i n c r e a s e  i n  t h e  
c o n c e n t r a t i o n  of N2O4 i n  t h e  e n t e r i n g  gas s t ream.  
S p e c i f i c a l l y ,  on t h i s  p l o t ,  t h r e e  grams p e r  hour  
of N2O4 i s  e q u i v a l e n t  to 1 9 . 1  w t  % of N2O4 i n  t h e  
i n l e t  s t r eam and 1 0  grams p e r  hour t o  44 w t  % N2O4. 
Although no t  shown on t h e  p l o t ,  19 grams p e r  hour 
would be e q u i v a l e n t  t o  69 w t  % N2O4, a c o n c e n t r a t i o n  
s t u d i e d  l a t e r  by  a s imple  s p r i n g  ba lance  method. 
The s l o p e s  of  t h e s e  l i n e s  a r e  not  c o n s i s t e n t  w i t h  
t h e  data t h a t  would be expec ted  t o  b e  o b t a i n e d  
under  e q u i l i b r i u m  c o n d i t i o n s .  If t h e  con ten t  of  
N2O4 i n  t h e  13X s i e v e  i n c r e a s e d  w i t h  vapor-phase 
c o n c e n t r a t i o n ,  as would normally be  expec ted ,  t hese  
cu rves  should  s l o p e  upwards t o  t h e  r i g h t .  Even i f  
t h e  con ten t  i n  t h e  adsorbed phase were independent  
o f  gas-phase c o n c e n t r a t i o n  t h e  curves  should  be 
h o r i z o n t a l .  The f a c t  t h a t  t h e  o p p o s i t e  o c c u r s ,  
namely, an upward s l o p e  t o  t h e  l e f t ,  e s p e c i a l l y  a t  
low t e m p e r a t u r e s ,  means t h a t  some ex t r aneous  phenomena 
occur red  and t h a t  t r u e  e q u i l i b r i u m  was n o t  be ing  
observed 
The degree  of s e p a r a t i o n  o f  N2O4 from t h e  c a r r i e r  
gas o b t a i n e d  upon f l o w  through a packed bed can be 
a f f e c t e d  by a wide v a r i e t y  of f a c t o r s .  A good review 
o f  t h e  problems t h a t  may be encountered  i s  g iven  b y  
T, Vermeulen ( r e f .  1 8 ) .  Such f a c t o r s  as change i n  
Reynolds number and i n  p r e s s u r e  d r o p  w i t h  a change i n  
f l o w  c o n d i t i o n s  can a f f e c t  t h e  degree  of  a x i a l  d i s -  
p e r s i o n  and, hence,  t h e  breakthrough c u r v e s ,  However, 
i t  appea r s  much more l i k e l y  h e r e  t h a t  t h e  phenomena 
a r e  caused by  t h e  h i g h l y  exothermic n a t u r e  of  t h e  ad- 
s o r p t i o n  p r o c e s s .  The h e a t  r e l e a s e d  by a d s o r p t i o n  
causes  t h e  development of a "hot s p o t "  t h a t  grows i n  
peak h e i g h t  as it moves downstream because o f  t h e  con- 
t i n u a l  d i sp lacement  of  h e a t  of a d s o r p t i o n  f r o m  upper  
p o r t i o n s  of t h e  bed t o  lower p o r t i o n s  of  t h e  bed as 
a d s o r p t i o n  c o n t i n u e s .  A q u a n t i t a t i v e  a n a l y s i s  of  t h i s  
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s i t u a t i o n  i s  h i g h l y  complex, b u t  t h e  n a t u r e  o f  t h i s  
phenomenon q u a l i t a t i v e l y  i s  shown below: 
ea r ly  
l a t e r  
t ime 
Temp. 
d i s t a n c e  downstream - 
More d e t a i l s  are g i v e n  by K .  Denbigh ( r e f .  19). T h i s  
r e i n f o r c i n g  e f f e c t  o c c u r s  i n  con t inuous  f low-through 
packed beds  b u t  n o t  i n  s i m p l e  c o n t a c t  of  a gas w i t h  a 
s o r b e n t  he ld  on a pan b a l a n c e .  Hence, h e r e  one o b t a i n s  
much h igher  peak  t e m p e r a t u r e s  and much more pro longed  
t e m p e r a t u r e  g r a d i e n t s  t h a n  one would o b t a i n  i n  a simple 
s p r i n g  b a l a n c e  exper iment  
The c u r v e s  i n  24  are  comple t e ly  c o n s i s t e n t  w i t h  t h e  
above h y p o t h e s i s .  A t  h i g h e r  N204 c o n c e n t r a t i o n s ,  t h e  
h e a t  e f f e c t  would be expec ted  t o  b e  g rea te r  and t h i s  
would t h e r e f o r e  g r e a t l y  d e c r e a s e  t h  q u a n t i t y  o f  N2O4 
t h a t  c o u l d  b e  adso rbed  b e f o r e  b reak th rough .  At r e l a t i v e l y  
low t e m p e r a t u r e s  t h e  amounts of N2O4 adso rbed  are greater 
and t h e  h o t  s p o t  phenomenon would be expec ted  t o  be  more 
s i g n i f i c a n t .  T h i s  i n  f a c t  i s  shown i n  t h e  f i g u r e ,  The 
c u r v e s  a t  low t e m p e r a t u r e s  show a much more pronounced 
s l o p e  t h a n  t h o s e  a t  h igh  t e m p e r a t u r e s .  
At f l o w  r a t e s  below t h o s e  a c t u a l l y  s t u d i e d  one would 
expec t  t h e  c u r v e s  t o  t u r n  downwards and go th rough  
t h e  o r i g i n ,  as i n d i c a t e d  on t h e  f i g u r e  by t h e  dashed 
l i n e s ,  s i n c e  w i t h  no N2O4 i n  t h e  c a r r i e r  gas, none 
would be adsorbed  on t h e  s i e v e .  
It shou ld  be n o t e d  t h a t  t h e  t e m p e r a t u r e s  on t h e  c u r v e s  
r e p r e s e n t  t h e  r e a d i n g  of  a thermocouple  on t h e  o u t s i d e  
wall. of t h e  bed and t h i s  c o u l d  be f a r  d i f f e r e n t  t h a n  t h e  
a c t u a l  p o i n t  t e m p e r a t u r e  d i s t r i b u t i o n  i n s i d e  t h e  bed .  
Tihe r e s u l t s  from t h e  packed bed s t u d i e s  seem t o  be  f a i r l y  
r e l i a b l e  a t  t e m p e r a t u r e s  o f  t h e  o r d e r  of  1 0 0 ° C  and above 
and a t  N204 f l o w  r a t e s  o f  2 t o  3 grams p e r  hour ,  The o n l y  
c o n c e n t r a t i o n  a t  which t h e  packed bed data can be  d i r e c t l y  
compared t o  t h e  pan b a l a n c e  data ( r e p o r t e d  i n  a l a t e r  
s e c t i o n )  i s  2 0  w t  % ( e q u i v a l e n t  t o  s l i g h t l y  ove r  3 grams 
p e r  h o u r ) ,  The data o b t a i n e d  a t  75 and 100°C on t h e  pan 
b a l a n c e  compare c l o s e l y  w i t h  t h o s e  o b t a i n e d  i n  t h e  packed 
bed e 
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2 ,  I n i t i a l  Test o f  S o r p t i o n  Uni t  
a .  Design C o n s i d e r a t i o n s  f o r  Adsorpt ion-Desorpt ion Uni t  
The t ime  r e q u i r e d  f o r  d e s o r p t i o n  from X 1  t o  X2 can be 
o b t a i n e d  from t h e  r a t e  e q u a t i o n .  
R = - -  dX 
d t  
where R = r a t e  of  d e s o r p t i o n ,  g/g-min 
X = N 2 0 4  c o n t e n t ,  g/g 
t = t ime, minutes  
I n t e g r a t i o n  of Equat ion  (1) g i v e s :  
S ince  R i s  a l i n e a r  f u n c t i o n  of X ,  l o g a r i t h m i c  mean r a t e ,  
Rm , ' can be used  i n  Equat ion  ( 2 ) .  
The amount o f  s o r b e n t  r e q u i r e d  t o  adso rb  N 2 O 4  from X 1  t o  
X2, d u r i n g  t h e  same t i m e  p e r i o d  can b e  expres sed  by t h e  
f o l l o w i n g  e x p r e s s i o n :  
where F = N 2 O 4  f l ow r a t e ,  g/min 
S = w t  of s o r b e n t ,  g 
E l i m i n a t i n g  t from Equat ions  ( 3 )  and ( 4 ) :  
R 1  
I n  (-) F 
= ( R 1  - R 2  R 2  ( 5 )  
An i s o t h e r m a l  u n i t ,  c o n s t r u c t e d  f o r  t h e  2 4 - w a t t  nominal 
system u t i l i z i n g  t h e  a v a i l a b l e  expe r imen ta l  N 2 O 4  r e a c t o r ,  
was des igned  as f o l l o w s :  
Based on t h e  expe r imen ta l  d e s o r p t i o n  cu rves  for 100°C 
( F i g u r e  28), t h e  s i e v e  l o a d i n g  was t aken  as X I  = 0 . 1 0  g 
N 2 O 4 / g  s i e v e  as an upper  v a l u e ,  d e s o r p t i o n  t i m e  of  4 hours  
was a r b i t r a r i l y  chosen,  which s e t  t h e  l o w e r  l i m i t  a t  
X 2  = 0.083 g N 2 O 4 / g  s i e v e ,  The formula f o r  c a l c u l a t i n g  
s i e v e  weight  i s :  
S 
where: S = 
t =  
F =  
weight  of  molecular  s i e v e  i n  g 
d e s o r p t i o n  t ime i n  hours  
N 2 . 0 4  mass f l o w  r a t e  i n  s t r eam 
from r e a c t o r  i n  g ~ 2 0 4 / h r  
X 1  and X 2  s i e v e  l o a d i n g  f a c t o r s  
The N 2 O 4  mass f l o w  r a t e  f rom t h e  r e a c t o r ,  s e l e c t e d  t o  pro-  
duce 24 w a t t - e q u i v a l e n t s  of oxygen a t  8 0 %  r e a c t o r  convers ion  
e f f i c i e n c y ,  c a l c u l a t e s  t o  be 3.2 g N 2 0 4 / h r .  
I n s e r t i n g  t h e  v a l u e s  i n t o  t h e  e q u a t i o n :  
(4)(3.2) 
= (0.100-0.083) = 750 g-mole of s i e v e  
A s a f e t y  f a c t o r  o f  2X was used to a l l o w  f o r  v a r i a b l e  f l o w  
r a t e s  and p o s s i b l e  long  te rm changes i n  s i e v e  c a p a c i t y  o r  
r e a c t o r  e f f i c i e n c y .  The d e s i g n  i s  c o n s e r v a t i v e  i n  t h a t  
t h e  v a l u e  o f  X I  chosen was below t h e  maximum demonstrated 
($0.13 g N 2 O 4 / g  s i e v e ) ,  T h i s  is j u s t i f i e d  i n  t h e  i s o t h e r m a l  
s c r u b b e r ,  s i n c e  complete e q u i l i b r a t i o n  can probably neve r  
be a t t a i n e d .  I n  t h e  non-steady s t a t e  d e s i g n ,  t h e  a t t a i n -  
ment of an XI v a l u e  t h i s  h igh  can be a s s u r e d  s i m p l y  b y  
a d j u s t i n g  a d s o r p t i o n  t empera tu re  by f u l l e r  use  of  t h e  
l i q u i d  N 2 O 4  s t r eam c o o l i n g  c a p a c i t y .  
The N 2 O 4  p u r i f i c a t i o n  u n i t  was c o n s t r u c t e d  and assembled, 
The u n i t  c o n s i s t e d  o f  a c o n v e r t e r  s e c t i o n  and an a d s o r p t i o n -  
d e s o r p t i o n  s e c t i o n .  
0 . 1 8  
0 . 1 6  
0 . 1 4  
0 . 1 2  
0 .10  
0 . 0 8  
0 . 0 6  
F i g u r e  28. ! I 204  D e s o r p t i o n  a t  100°C 
f rom M o l e c u l a r  S i eve  13X 
i n t o  30" Hg Vacuum. 
b. 
The converter section consisted of N204 cylinders, a 
flow meter, a catalytic converter, and a cooling tube. 
The function of this section was to decompose the N2O4 
and to provide a feed stream of 02, N2, and undecomposed 
N204 for the adsorption-desorption section. The cata- 
lyst used 256 Pt on activated alumina (1/8 inch pellets). 
The converter was operated at 8 O O 0 C 0  
The adsorption-desorption section included two parallel 
adsorber-desorbers, two traps, two gas bubblers, two 
vacuum pumps, and appropriate valves, The sorbers were 
made of stainless steel and weFe 10 cm in diameter and 
30 cm long. They were electrf@ally heated and were used 
alternately for adsorption and desorption, The product 
stream leaving the adsorber was metered and analyzed. 
Test Results and Discussion 
The unit could not be operated successfully on initial 
trials on the decomposer stpeam, Typical behavior con- 
sisted of a very rapid rise in internal temperature 
(to over 3 0 0 O C )  of the adsorber beds upon exposure to 
the stream and a subsequent loss of adsorptive capacity 
for N2O4. 
An analysis of possible causes resulted in the following 
conclusions: 
The heat transfer through the packed 
molecular sieve bed was obviously in- 
sufficient, and much better heat ex- 
change is yoequired, The isothermal 
design loses much of its attractiveness 
in this case, since, if extra equfpment 
weight and volume must be added for in- 
creased heat exchange, a non-steady-state 
operation mode is a more optimum solution. 
The N204 used was shown to be contaminated 
both with H20 and with an iron-containing 
compound that probably arose from attack 
on the steel storage tanks. The significance 
of the H20 content lies in the high affinity 
of 13X molecular sieve for H20, Water would 
contribute to the heat effects by adding 
its heat of adsorption. 
Subsequent  work on t h e  a d s o r p t i o n  problem t o o k  
t h e  f o l l o w i n g  cour se :  
Nons teady-s ta te  o p e r a t i o n  was emphasized 
and a d e s i g n  s t u d y  was under taken  t o  
d e l i n e a t e  t h e  p o s s i b i l i t i e s  and de termine  
des i r ed  equipment c h a r a c t e r i s t i c s  and 
p o s s i b l e  o p e r a t i n g  c o n f i g u r a t i o n s .  A 
g r e a t  d e a l  of a t t e n t i o n  was p a i d  t o  h e a t  
b a l a n c e s  and i n t e r f a c e s  w i t h  t h e  o t h e r  
components of  t h e  s y s t e m .  The d e t a i l s ,  
r e s u l t s ,  and conc lus ions  of  t h e  s t u d y  are 
p r e s e n t e d  i n  Appendix 11. 
( 2 )  A more fundamental  s tudy  of t h e  s o r p t i o n  
o f  N 2 O 4  on l 3 X  mo lecu la r  s i e v e  was under-  
t a k e n ,  i n c l u d i n g  a d e t e r m i n a t i o n  of t h e  
h e a t  e f f e c t s  a s s o c i a t e d  w i t h  a d s o r p t i o n  
i n  a column w i t h  a f lowing  s t r eam.  P a r -  
t i c u l a r  a t t e n t i o n  was p a i d  t o  e n s u r i n g  a 
pu re  N 2 O 4  supply  f o r  t h e s e  s t u d i e s ,  The 
r e s u l t s  a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  
s e c t i o n s  e 
C .  PURIFICATION AND ANALYSIS OF AS-RECEIVED N 2 0 4  AND 
C H A R A C T E R I Z A T I O N  OF 1 3 X  MOLECULAR SIEVE 
1. A n a l y t i c a l  Methods 
Procedures ,  methods and a p p a r a t u s  as s p e c i f i e d  i n  MSC-PPD-2A, 
pub l i shed  1 February 1 9 6 6  by  t h e  Manned S p a c e c r a f t  Center  f o r  
t h e  a n a l y s i s  of N2O4, were fo l lowed as c l o s e l y  as p o s s i b l e .  The 
only  d i f f i c u l t i e s  encountered  were i n  de t e rmin ing  t h e  e x a c t  end- 
p o i n t  of  t h e  water e q u i v a l e n t  d e t e r m i n a t i o n  and ;In e s t a b l i s h i n g  
a t r a n s m i t t a n c e  c a l i b r a t i o n  curve f o r  t h e  NOCl d e t e r m i n a t i o n ,  
I n  t h e  l a t t e r  c a s e ,  supposedly i d e n t i c a l  samples v a r i e d  by  as 
much as 1 0 0 %  i n  measured t r a n s m i t t a n c e  v a l u e s .  
The problems w i t h  t h e  H 2 0  d e t e r m i n a t i o n  can be i l l u s t r a t e d  w i t h  
a c t u a l  r e s u l t s  o b t a i n e d  w i t h  m a t e r i a l  from t h e  p u r i f i c a t i o n  u n i t  
d e s c r i b e d  i n  t h e  next  s e c t i o n .  
The va lue  we o b t a i n e d  f o r  t h e  H 2 0  e q u i v a l e n t  o f  t a n k  N 2 O 4  was 
0,gO t o  0 . 1 1 ,  which cor responds  t o  1 . 6  t o  2 . 1  m l  of sample l e f t  
i n  t h e  e v a p o r a t i o n  t u b e .  The p u r i f i e d  N 2 O 4  has a H 2 0  e q u i v a l e n t  
of 0 . 0 0 3 4 3 ,  which cor responds  t o  l ess  t h a n  0 . 1  m l  o f  sample l e f t  
i n  t h e  t u b e .  B u t  even w i t h  t h e s e  l i m i t a t i o n  H 2 0  cont-ents  be low 
maximum s p e c i f i c a t i o n s  can be de te rmined .  
In the initial work on the NOCl determination, seven standards 
varying from 0 to 0.6 mg NaC1/1 were made up according to the 
specification procedure and transmittancy readings taken at 
5 3 5 ~ .  The values plotted as log(1) vs mg NaCl did not give a T 
smooth curve. To check reproducibility, five samples, all at 
0.6 mg NaC1/1, were made up and checked. Transmittancy values 
varied from 0.378 to 0.572 on these supposedly identical samples, 
indicating a definite lack of reproducfbflfty. A partial para- 
metric study was undertaken in which stirring, temperature, rate 
and sequence of solution additions, washing of glassware, time 
of transmittancy readings were all varied without much success. 
Finally, a series of 17 determinations were made with extreme 
attention to control of the parameters, and better reproduci- 
bility was obtained, Although the results were still somewhat 
variable, a statistfcal analysis was made to set confidence 
limits on the variability of the standard curve. Two samples 
of N2O4 were pun by the procedure and the results are compared 
in Figure 29. It can be seen that the samples are quite low in 
NOCl content and that the probability that the NOC1 content is 
within specifications is very high (>99% based on this data). 
No further work on this problem was done other than routine 
periodic checks of the sample N2O4. 
2 .  Purification Unit 
A schematic of the N204 purification and metering unit is shown 
in Figure 30. The function of each component and the operatfon 
of the system in brief was as follows. 
- Vaporizer: liquid N2O4 under pressure by N2 gas 
was fed into a heated, welded stainless steel pressure 
boiler, emerging as a-vapor at 47°C. The vaporizer 
allowed for optional highela pressure operation of the 
entire system, as well as serving a pre-purification 
function via distillation, 
- Porcelain Chip Reactor: the vaporized N2O4 was fed to 
a tubular reactor containing porcelain chips, heated to 
300°C and then through a glass wool and stainless steel 
screen particulate trap. The purpose of this reactor 
was to thepmally decompose contaminants, particularly 
Fe(N03)306N204, which decomposes to Fe2O3 at this 
temperature, 
- Molecular Sieve Column: the purpose of this component 
was to remove contaminants that could selectively adsorb 
on molecular sieve and displace adsorbed N204, primarily 
H20 although hfgher boiling potential contaminants such 
as N205 ('17°C with decomp.) and HNO3 (86°C) or those with 
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b o i l i n g  p o i n t s  n e a r  N 2 O 4 ,  such as N O C l  (-5.5"C) and 
N 2 O 3  (3.5"C) can be  expec ted  t o  adso rb .  Because o f  
t h e  expec ted  r e l a t i v e l y  h i g h  H 2 0  c o n t e n t ,  a s p e c i a l  
a c i d  washed molecular  s i e v e  (Norton ZH-1OMN) was used .  
- Flow Meter and Mixer:  t h e  p u r i f i e d  N 2 O 4  vapor  was 
t empera tu re  e q u i l i b r a t e d  i n  an a i r  t h e r m o s t a t  t o  a t  
l e a s t  6 0 . 0  t 0.5OC, and metered through an  a d j u s t a b l e  
f l u o r i n e  f lowmeter-f low r e g u l a t o r  and subsequen t ly  
mixed w i t h  an N 2 / 0 2  stream p r e v i o u s l y  d r i e d  t o  a t  
l ea s t  a -73°C (-100°F) dew p o i n t  i n  molecular  s i e v e  
columns. 
- 800Oc P o r c e l a i n  Chip Reac tor :  t h i s  t u b u l a r  u n i t  was 
i n c l u d e d  s i m p l y  t o  s i m u l a t e  t h e  800°C r e a c t o r  t h a t  
would be pa r t  of t h e  f i n a l  system. Any r e s i d u a l  
t h e r m a l l y  l a b i l e  i m p u r i t i e s  would be decomposied. 
- F i n a l  Molecular  S i eve  Scrubber :  t h i s  u n i t  con ta ined  
an e q u a l  weight  mixture  of Linde 4A and 13X molecular  
s i e v e  and se rved  as a f i n a l  p u r i f i c a t i o n  u n i t  f o r  the 
t o t a l  gas mix tu re .  
The p u r i f i c a t i o n  u n i t  was p u t  i n t o  o p e r a t i o n .  Af te r  28 days  of  
cont inuous  rullning t i m e  a t  15-30 g/hr N 2 0 4 ,  t h e  ou tpu t  stream 
was ana lyzed .  The  data,  p r e s e n t e d  i n  T a b l e  X X X V I I  i n d i c a t e :  
- The moi s tu re  c o n t e n t  of t h e  a s - r ece ived  N 2 O 4  ("Tank 
N 2 O 4 " )  was indeed  out of spec  as a n t i c i p a t e d ,  bu t  t h e  
p u r i f i c a t i o n  u n i t  was ve ry  e f f e c t i v e  i n  r educ ing  t h e  
H 2 0  l e v e l .  
- The ZNO t Y 2 O 4  v a l u e s  a t  t h e  t e rminus  were below s p e c s ,  
bu t  were w i t h i n  specs  p r i o r  to e n t r y  i n t o  t h e  800°C 
r e a c t o r .  E i t h e r  s l i g h t  decomposi t ion of  N 2 O 4  occu r red  
on t h e  p o r c e l a i n  c h i p s  o r  s l i g h t  o x i d a t i o n  of t h e  s t a i n -  
l ess  s t e e l  t u b i n g  removed a small amount of N 2 O 4 .  I n  
e i t h e r  c a s e ,  compensat ion was p o s s i b l e  by s l i g h t l y  
e n r i c h i n g  t h e  N 2 O 4  con ten t  o f  t h e  gas stream e n t e r i n g  
t h e  r e a c t o r ,  
- A l l  o t h e r  v a l u e s  were w i t h i n  s p e c s .  
The u n i t  was run  f o r  an a d d i t i o n a l  4 0  days  w i t h  l i t t l e  change. 
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3.  X-Ray D i f f r a c t i o n  Study o f  Molecular  S i eve  Samples 
a .  I n t r o d u c t i o n  
T h i s  s tudy  was under taken  t o  f u l f i l l  two o b j e c t i v e s :  
1) To de termine  i f  molecular  s i e v e s  samples from 
d i f f e r e n t  pa r t s  o f  a g iven  b a t c h  were i d e n t i c a l .  
2 )  To measure and r e c o r d  a p h y s i c a l  p r o p e r t y  of  
t h i s  l o t  o f  molecular  s i e v e s  f o r  p o s s i b l e  com- 
p a r i s o n  w i t h  t h a t  measured on subsequent  l o t s .  
b .  Experfmental  
The molecular  s i e v e s  were o b t a i n e d  f r o m  t h e  Linde 
Div i s ion  of  Union Carbide,  t a k e n  from lot #M1371003 
and s u p p l i e d  i n  a t en -ga l lon  drum. Approximately 
4OOycc was removed from t h e  t o p ,  midd le ,  and bot tom 
o f  t h e  drum and small q u a n t i t i e s  were withdrawn from 
each  sample,  These a l i q u o t s  were l a b e l l e d  I ,  11, and 
111, r e s p e c t i v e l y .  The remainder  o f  t h e  t h r e e  400-cc 
samples was thoroughly  mixed t o g e t h e r ,  and t h r e e  sma l l  
samples were a r b i t r a r i l y  removed from t h i s  mix. These 
samples were l a b e l l e d  Composite I ,  Composite 11, and 
Composite 111. X-ray d i f f r a c t i o n  p a t t e r n s  were t h e n  
o b t a i n e d  w i t h  t h e s e  s i x  samples.  
The d i f f r a c t i o n  p a t t e r n s  were o b t a i n e d  u s i n g  a JEOLCO 
X-ray D i f f r a c t o m e t e r  (Model J D X S B ) ,  Copper K, r a d i a t i o n  
was passed  th rough  a n i c k e l  f i l t e r  b e f o r e  impinging on 
t h e  sample.  P r e p a r a t i o n  of' t h e  sample c o n s i s t e d  i n  
thoroughly  g r i n d i n g  t h e  molecular  s i e v e s  u s i n g  a mor t a r  
and p e s t l e  and t h e n  p r e s s i n g  t h e  powder i n t o  a glass 
h o l d e r  t o  f o r m  a p l a n a r  s u r f a c e .  X-ray scans  were 
r eco rded  between 28 a n g l e s ,  10" and 60" .  
c .  R e s u l t s  and Di scuss ion  
Numerous d i f f r a c t i o n  peaks ( $ 2 0 )  were observed between 
28 a n g l e s  10" and 6 0 ° ,  and a r e  l i s t e d  i n  Table  X X X V I I I ,  
F o r  each  of  t h e  s i x  samples of  28 a n g l e s  a t  which t h e  
f i v e  most i n t e n s e  peaks were found a r e  recorded  i n  
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D .  SORPTION STUDIES WITH A MASS ADSORPTION BALANCE 
1. Equipment and Procedure 
The system used  was a q u a r t z  s p r i n g  ba lance  s o l d  as a complete  u n i t  
by Worden Q u a r t z  P roduc t s ,  I n c . ,  Houston, Texas.  It c o n s i s t e d  of a 
f u s e d  q u a r t z  t u b e  mounted v e r t i c a l l y  and c l o s e d  a t  t h e  bot tom, w i t h  
a s i d e  arm i n l e t  t u b e  and d u a l  o u t l e t  p o r t s  i n  t h e  O-ring sealed,  
f l a n g e d  t o p .  A n o n - r o t a t i n g  f u s e d  q u a r t z  s p r i n g  was suspended from 
t h e  t o p  and a r t i c u l a t e d  w i t h  a quar tz - f iber -suspended  q u a r t z  sample 
pan. The s p r i n g  e x c u r s i o n s  were fo l lowed  by a c a t h e t o m e t e r .  The 
s e c t i o n s  o f  t h e  tub$  a d j a c e n t  t o  t h e  s p r i n g  p r o p e r  were j a c k e t e d  t o  
a l l o w  t h e r m o s t a t i n g  of  t h e  s p r i n g ,  t h u s  e n s u r i n g  no change i n  t h e  
s p r i n g  c o n s t a n t  e 
Besides p r o v i d i n g  v a l v i n g  and p i p f n g  t o  channel  and c o n t r o l  t h e  g a s  
streams and t h e  e v a c u a t i o n ,  w e  modi f ied  t h e  Worden u n i t  by: 
- Replac ing  t h e  mounted ca the tomete r  w i t h  a p r e c i s i o n ,  
p o l e  mounted u n i t  p l a c e d  some 6 f e e t  away. 
- Replac ing  t h e  t u b e  f u n a c e  t y p e  hea te r  w i t h  a wrapping 
of  h e a t i n g  tape  around t h e  t u b e ,  t h u s  ex tend ing  t h e  
i s o t h e r m a l  zone much f u r t h e r  a l o n g  t h e  t u b e ;  and 
- Mounting a second weighing pan ,  f i x e d  i n  p o s i t i o n  below 
t h e  suspended weighing pan.  T h i s  pan was f i l l e d  w i t h  
t h e  same amount o f  molecular  s i e v e  as t h e  o t h e r ,  b u t  a 
c a l i b r a t e d  t h e r m i s t o r  b u r i e d  i n  t h e  bed was used t o  
check bed t empera tu res  d u r i n g  a r u n .  
Gas composi t ions  were a d j u s t e d  by r e g u l a t i o n  o f  f lows  as i n d i c a t e d  
by t h e  a p p r o p r i a t e  f low meters,  and were checked by a d s o r p t i o n  i n t o  
a l k a l i n e  pe rox ide  s o l u t i o n s  w i t h  subsequent  t i t r a t i o n  o f  remain ing  
a l k a l i  e 
Approximately 0 . 3  g o f  molecular  s i e v e  was weighed c a r e f u l l y  and 
p l a c e d  i n  t h e  pan a f t e r  h e a t i n g  it o v e r n i g h t  t o  3 5 O o C  i n  a d ry  
argon stream t o  remove m o i s t u r e .  
2 .  S o r p t i o n  Test P lan  
a. E q u i l i b r i u m  S o r p t i o n  Cycles  
(1) Test  P lan  
The t e s t  p l a n  used 1s I l l u s t r a t e d  I n  Tab le  XL 
on t h e  f o l l o w i n g  page. 
With a l l  t h e  samples except  sample I11 ( t h a t  t aken  
from t h e  bottom of  t h e  s h i p p i n g  c o n t a i n e r )  t h e  most 
i n t e n s e  peak occur red  a t  26  = 31.0' and t h e  o r d e r  of 
r e l a t i v e  i n t e n s i t y  of t h e  5 most i n t e n s e  peaks are 
t h e  same. With sample 111, however, t h e  most i n t e n s e  
peak i s  a t  2 8  = 26.7'  and t h e  r e l a t i v e  i n t e n s i t y  of 
t h e  3-most  i n t e n s e  peaks i s  d i f f e r e n t  t h a n  t h a t  ob- 
s e rved  w i t h  t h e  o t h e r  f i v e  samples .  Furthermore,  
three peaks of low i n t e n s i t y  a t  26  = 1 8 . 5 ,  4 6 . 5 O  
51.1' a r e  mis s ing  i n  t h e  p a t t e r n  determined w i t h  
sample 111. 
From t h e s e  r e s u l t s  we conclude t h a t  except  f o r  t h e  
molecular  s i e v e s  t aken  from t h e  bottom of  t h e  s h i p p i n g  
c o n t a i n e r ,  t h e  composi t ion of t h e  molecular  s i e v e s  i n  
t h e  remainder  of t h e  c o n t a i n e r  and t h o s e  t aken  e l s e -  
where i n  t h e  c o n t a i n e r  were no t  l a r g e .  Indeed ,  when 
t h e  bot tom sample was mixed w i t h  t h o s e  ob ta ined  from 
t h e  t o p  and middle  o f  t h e  c o n t a i n e r ,  any d i f f e r e n c e s  
were no t  d e t e c t a b l e .  
S ince  molecular  s i e v e s  c o n s i s t  o f  a l k a l i  meta l  alumino- 
s i l i c a t e s  compounded t o g e t h e r  w i t h  an i n e r t  c l a y  b i n d e r ,  
X-ray d i f f r a c t i o n  peaks are o b t a i n e d  f o r  b o t h  m a t e r i a l s .  
The d i f f e r e n t  r e l a t i v e  peak i n t e n s i t i e s  found w i t h  
sample I11 compared w i t h  a l l  o t h e r  samples s u g g e s t s  
t h a t  a d i f f e r e n t  r a t i o  of c l a y  to a l u m i n o - s i l i c a t e  
e x i s t s  i n  t h i s  sample.  
It i s  p o s s i b l e  t h a t  d u r i n g  packing  and shipment t h e  
s o f t e r  of t h e  two m a t e r i a l s  d i v i d e s  from t h e  molecular  
s i e v e s  and f a l l s  t o  t h e  bot tom of t h e  c o n t a i n e r .  T h i s  
would r e s u l t  i n  a h i g h e r  c o n c e n t r a t i o n  of  t h e  s o f t e r  
material  i n  t h e  sample t aken  from t h e  bot tom of  t h e  
c o n t a i n e r  and r e s u l t  i n  d i f f e r e n t  r e l a t i v e  peak i n t e n -  
s i t i e s  t h a n  t h o s e  found w i t h  t h e  o t h e r  samples.  
144 
T a b l e  XL 
SORPTION TEST PLAN EQUILIBRIUM SORPTION CYCLES 
(Body of Table  = Desorpt ion  Temperatures)  
Adsorpt ion Temp__ 50°C 75°C 100°C 
Gas Composition .G 
2 0 %  N 2 O 4  
6 0 %  N 2 O 4  
80% N 2 O 4  
200°C 150°C 1 0 0 ° C  
1 0 0 ° C  200°C 150°C 
1 5 0 ° C  1oooc 200°C 
DuplLcate r u n s  for each combinat ion 
Procedure 
The expe r imen ta l  p rocedure  t h a t  was used f o l l o w s :  
1. Apparatus  was t empera tu re  e q u i l i b r a t e d  a t  
a d s o r p t i o n  t empera tu re  w i t h  d r y  N 2  purge .  
2 .  A sample o f  gas  s t r eam was t aken  f o r  a n a l y s i s  
of N204 c o n t e n t .  
3 .  The v a l v e  was opened t o  admi t  t h e  gas  s t r eam 
a t  a c o n t r o l l e d  r a t e  t o  t h e  a p p a r a t u s ,  ( t i m e  
z e r o  = t ime o f  v a l v e  o p e n i n g ) .  
4. Weight changes were fo l lowed and p l o t t e d  v s  
t ime u n t i l  c o n s t a n t  ( + 0 . 5 % ) .  Stop N 2 O 4  f low; 
t h e  ven t  on t h e  chamber was l e f t  open; t h e  
chamber was h e a t e d  t o  d e s o r p t i o n  temp. 
5 .  A second sample of t h e  gas  s t r eam was t a k e n  for 
a n a l y s i s  of  N204 c o n t e n t .  
6 .  The a p p a r a t u s  was t empera tu re  e q u i l i b r a t e d  a t  
d e s o r p t i o n  t empera tu re  w i t h  weight changes 
fo l lowed d u r i n g  t h i s  p e r i o d .  
7 .  The vacuum l i n e  was opened s l o w l y  and appa- 
r a t u s  pumped down t o  29 i n .  Hg. 
b .  
8 .  Weight changes were fo l lowed  and p l o t t e d  
v s  t ime  u n t i l  c o n s t a n t  ( + 0 . 5 % ) .  - 
9 .  The a p p a r a t u s  was t e m p e r a t u r e  e q u i l i b r a t e d  
a t  2 O O O C  under  29 i n .  vacuum u n t i l  c o n s t a n t  
weight  (+0 .5%)  - was ach ieved .  
1 0 .  A new c y c l e  was s t a r t ed .  
Nonsteady S t a t e  Cycles  
(1) P l a n  
The c y c l e  e n d p o i n t s  were de termined  b y  weight  capac- 
i t i e s  c a l c u l a t e d  from t h e  e q u i l i b r i u m  data s o  t h a t  
a d s o r p t i o n  s ta r ted  a t  a s i e v e  l o a d i n g  o f  0.25Q-and 
ended ( i . e . ,  d e s o r p t i o n  s t a r t ed )  B t  0,75Qm regardless 
o f  o t h e r  c o n d i t i o n s ,  where Q- = t h e  e q u i l i b r i u m  adsorp-  
t i o n  c a p a c i t y  f o r  the  t empera tu re  and gas  composi t ion  
unde r  s t u d y .  
( 2 )  Procedure  
1. The a p p a r a t u s  t e m p e r a t u r e  was e q u i l i b r a t e d  
a t  a d s o r p t i o n  t e m p e r a t u r e  under  d r y  N 2  pu rge .  
2 .  A sample of  gas s t r e a m  was t a k e n  f o r  a n a l y s i s  
of N 2 O 4  c o n t e n t  ( a t  3 r d  and 1 0 t h  c y c l e s ) .  
3 .  A v a l v e  was opened t o  admit t h e  gas stream t o  
t h e  a p p a r a t u s  a t  a c o n t r o l l e d  r a t e .  
4 .  Weight changes were fo l lowed  and p l o t t e d  v s  
t i m e  u n t i l  0.75Qm. 
5.  The N 2 O 4  v a l v e  was c l o s e d ,  l e a v i n g  t h e  v e n t  
open,  Heat was s t a r t ed ,  t h e n  s topped  a t  
weight r e a d i n g  = 0.25Qm. 
( 3 )  above, a l l o w i n g  a p p a r a t u s  t o  c o o l  a t  t h e  
same t i m e .  
6 .  The n e x t  c y c l e  was s ta r ted ,  beg inn ing  from 
3. R e s u l t s  
The shape and g e n e r a l  c o n f i g u r a t i o n  of  b o t h  t h e  e q u i l i b r i u m  and 
non- s t eady- s t a t e  cu rves  were t h e  same f o r  all r u n s .  A r e p r e s e n t a -  




















































































Data f o p  a l l  runs  w i t h  gas  COmpOsftiOn 220% N2O4 a r e  compiled 
i n  Tables  XLI and XLII. 
Subsequent ly ,  s o r p t i o n  data were o b t a i n e d  f o r  5 % ,  1%, and 1/2% 
N2O4 ( b y  we igh t )  i n  t h e  N2 +- 02 c a r r i e r  gas  s t r eam.  The data 
ob ta ined  a t  1 / 2 %  were ex t remely  v a r i a b l e .  The l i m i t s  o f  c o n t r o l  
f o r  t h e  a p p a r a t u s  had a p p a r e n t l y  been exceeded, and randomly 
v a r y i n g  composi t ions  w i t h  t i m e  r e s u l t e d ,  B e t t e r  c o n t r o l  was 
main ta ined  w i t h  5% and 1% gas  streams. The d a t a  a r e  p r e s e n t e d  
i n  Table XLIII. 
Other  p r o p e r t i e s  n o t  e v i d e n t  f r o m  t h e  f o r e g o i n g  t a b l e s  and f i g u r e s  
a r e  : 
(1) There i s  a d e f i n i t e  i n i t i a l  c o n d i t i o n i n g  e f f e c t  w i t h  
t h e  13X s i e v e ,  bo th  w i t h  r e s p e c t  t o  t h e  bed tempera- 
t u r e s  measured ( F i g u r e  33) and a d s o r p t i o n  (F igu re  34 )  
( 2 )  All of  t h e  r e s i d u a l  N2O4 l e f t  on t h e  s i e v e  a t  2 O O 0 C ,  2 9  i n ,  
vacuum can be removed b y  i n c r e a s i n g  t h e  tempera ture  t o  
about  300°C ( F i g u r e  3 4 ) .  
( 3 )  The r e s i d u a l  amount ( 2 O O 0 C ,  2 9  i n .  vacuum) a p p a r e n t l y  
v a r i e s  f r o m  s i e v e  sample t o  sample.  (Compare r e s i d u a l s  
f o r  80 ,  6 0 ,  and 2 0 %  runs  w i t h  t h o s e  f o r  5 and 1% r u n s , )  
4 e Discuss ion  
F i g u r e s  35 and 36 show t h e  t o t a l  a d s o r p t i o n  and a d s o r p t i o n  capac- 
i t y  o f  N2O4 on 13X s i e v e  a s  a f u n c t i o n  of gas  composi t ion and o f  
t empera tu re .  The i n t e r p r e t a t i o n  o f  d a t a  such a s  t h i s  i s  more 
c l e a r l y  unders tood  i n  terms of t h e  r a t i o  P/Po  ( t h e  r a t i o  o f  t h e  
p a r t i a l  p r e s s u r e  o f  t h e  N2O4 t o  t h e  vapor  p r e s s u r e  t h a t  would 
e x i s t  above t h e  l i qu id -phase  a t  t h e  t empera tu re  of i n t e r e s t ) .  
Data on p h y s i c a l  p r o p e r t i e s  of NO2 and N2O4 a r e  g iven  i n  
r e f e r e n c e s  2 0  and 2 1 .  To a s s i g n  s p e c i f i c  p r o p e r t y  v a l u e s  i s  
somewhat d i f f i c u l t  i n  t h i s  case  because N2O4 and NO2 e x i s t  i n  
e q u i l i b r i u m  w i t h  one a n o t h e r ,  and t h e  r a t i o  of NO2 t o  N2O4 v a r i e s  
g r e a t l y  w i t h  t empera tu re  over  t h e  t empera tu re  range  s t u d i e d  h e r e .  
The term "N2O4" as used h e r e  r e f e r s  t o  t h e  p a r t i c u l a r  mixture  
of NO2 and N2O4 t h a t  e x i s t s  under  t h e  expe r imen ta l  c o n d i t i o n s  
s p e c i f i e d .  The most u s e f u l  i n f o r m a t i o n  i s  a s e t  o f  v a l u e s  from 
Gmelin ( r e f .  2 1 )  f o r  t h e  vapor  p r e s s u r e  above e q u i l i b r i u m  mix tu res  
o f  NO2 and N2O4 a t  p r e s s u r e s  above a tmospher ic .  These data have 
been p l o t t e d  on F i g u r e  37 on t h e  c o o r d i n a t e s  o f  l o g  of t h e  vapor  
p r e s s u r e  v s  t h e  r e c i p r o c a l  of  t h e  a b s o l u t e  t empera tu re ,  a procedure  
which g i v e s  a n e a r l y  l i n e a r  r e l a t i o n s h i p  t h a t  can be r e a d i l y  
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l / T ( O K )  ( x  l o 3 )  
F i g u r e  37 .  Vapor  P r e s s u r e  o f  N O 2  
A s  r e a d  from t h i s  p l o t ,  v a l u e s  of  Po  cor responding  t o  s e v e r a l  
t empera tu res  of i n t e r e s t  a r e  as f o l l o w s :  
T ( " C )  ' 0  (atm) 
50 3 . 8  
75 8.5 
100 20.0 
125 4 3 . 0  
F i g u r e  35 shows i so the rms  f o r  t h e  t h r e e  t empera tu re  l e v e l s  of 50, 
75, and 1 0 0 O C .  The number i n  p a r e n t h e s e s  b e s i d e  each  p o i n t  i s  t h e  
cor responding  v a l u e  o f  P /Po ,  The shapes  of  t h e s e  curves  can now 
be r e a d i l y  i n t e r p r e t e d  and shown t o  be c o n s i s t e n t  w i t h  t h e  t y p e  
of  a d s o r p t i o n  behav io r  observed  b y  o t h e r  g a s e s  and vapors  on molec- 
u l a r  s i e v e s .  
At a s p e c i f i e d  t empera tu re  t h e  amount of  N 2 O 4  adsorbed i n c r e a s e s  
r a p i d l y  w i t h  gas  composi t ion ,  r e a c h i n g  a p l a t e a u ,  and t h e n  i n c r e a s e s  
modera te ly  w i t h  f u r t h e r  i n c r e a s e  i n  p a r t i a l  p r e s s u r e  o f  N 2 O 4 .  The 
f i r s t  two p o r t i o n s  of t h e  curve  are a Type I a d s o r p t i o n  i so the rm,  
i n  t h e  Brunauer c l a s s i f i c a t i o n ,  a l s o  known as a Langmuir i so the rm,  
and i s  t y p i c a l l y  found w i t h  molecular  s i e v e s .  The l e f t - h a n d  p o r t i o n  
of t h e  curve r e p r e s e n t s  t h e  p a r t i a l  f i l l i n g  of t h e , f i n e  p o r e s  i n  
t h e  s i e v e  i t s e l f ,  and t h e  p l a t e a u  r e g i o n  r e p r e s e n t s  t h a t  range  o f  
vapor  composi t ion a t  which t h e  p o r e s  are comple te ly  f i l l e d ,  b u t  w i t h  
n e g l i g i b l e  ex t r aneous  e f f e c t s  ( s e e  be low) .  The o n s e t  o f  t h e  p l a t e a u  
r e g i o n  t y p i c a l l y  occur s  a t  P/Po v a l u e s  i n  t h e  range  of  0 . 0 1  t o  0 . 0 5 ,  
as h e r e .  A s  t h e  v a l u e  of P /Po  i s  i n c r e a s e d  beyond t h e  p l a t e a u  r e g i o n ,  
c a p i l l a r y  condensa t ion  i n t o  l a r g e r  p o r e s  and m u l t i l a y e r  a d s o r p t i o n  
on to  t h e  o u t e r  s u r f a c e s  of  t h e  molecular  s i e v e  material  o c c u r s .  A s  
used commercial ly ,  molecular  s i e v e  p e l l e t s  a r e  t y p i c a l l y  composed 
of s i n g l e  c r y s t a l s  approximate ly  1 micron i n  d i ame te r  h e l d  t o g e t h e r  
by  c l a y  b i n d e r .  Thus, t h e  passageways around t h e  o r i g i n a l  p a r t i c l e s  
i n  t h e  p e l l e t  and t h e  somewhat l a r g e r  p o r e s  i n  t h e  c l a y  account  f o r  
t h e  i n c r e a s e  o f  a d s o r p t i o n  of  N 2 O 4  a t  t h e  h igh  v a l u e s  o f  P /Po .  
E .  CALORIMETRIC STUDY OF N.O,, ADSORPTION 
1. Tes t  P lan  
The o b j e c t i v e  of t h i s  t e s t  was t o  de te rmine  d i r e c t l y  t h e  h e a t  pro-  
duced when N 2 O 4  was adsorbed on to  l3X molecu la r  s i e v e .  The s t u d i e s  
were t o  be made w i t h  f lowing  gas  s t reams c o n t a i n i n g  r e l a t i v e l y  l a r g e  
amounts o f  N 2 O 4 ,  and w i t h  r e l a t i v e l y  l a r g e  amounts of molecular  
s i e v e  (%I g )  a t  b o t h  50°C and 100°C.  The o b j e c t i v e  was t o  sfmu- 
l a t e  o p e r a t i n g  c o n d i t i o n s  as c l o s e l y  as p o s s i b l e .  
2 .  Equipment and Procedure 
The b a s i c  c a l o r i m e t e r  d e s i g n  i s  shown i n  F i g u r e  38.  E s s e n t i a l l y ,  
t h e  d e s i g n  was a j a c k e t e d  a d i a b a t i c  c a l o r i m e t e r  i n  which t h e  j a c k e t  
t empera tu re  was ma in ta ined  c l o s e  t o  t h e  c a l o r i m e t e r  f l u i d  tempera- 
t u r e  t o  r educe  c o o l i n g  c o r r e c t i o n s .  The d e s i g n  was adap ted  t o  
accommodate a f lowing  gas  stream from which t h e  N20+ c o n t e n t  was to 
be adsorbed on to  1 3 X  mo lecu la r  s i e v e  c o n t a i n e d  i n  a c o i l e d  s t a i n -  
l e s s  s t e e l  a d s o r p t i o n  t u b e ,  I n  o p e r a t i o n ,  t h e  gas  stream c o n t a i n i n g  
a known amount of  N2O4 was t empera tu re  e q u i l i b r a t e d  w i t h  t h e  j a c k e t  
f l u i d  th rough  a c o i l e d  t u b e  heat  exchanger  and t h e n  f e d  t o  t h e  
a d s o r p t i o n  t u b e  c o n t a i n i n g  a known amount of  molecu la r  s i e v e .  The 
o u t l e t  from t h e . a d s o r p t i o n  t u b e  was f e d  t o  an  a n a l y s i s  u n i t  c o n s i s t -  
i n g  of a p a r a l l e l  array of gas  b u b b l e r s  c o n t a i n i n g  a l k a l f n e / p e r o x i d e  
t h a t  could  be  i n d i v i d u a l l y  b y p a s s e d ,  and t h e n  t o  a p r e c i s i o n  wet 
t e s t  meter. The heat  e f f e c t s ,  i m e o ,  t h e  t empera tu re  r i s e  of  t h e  
c a l o r i m e t e r  f l u i d ,  were determined as a f u n c t i o n  o f  t i m e  b y  c o n t i n -  
uous ly  measuring t h e  r e s i s t i v i t y  of  a p r e c i s i o n  t h e r m i s t o r  v i a  a 
Wheatstone b r i d g e  c i r c u i t .  The N2O4 c o n t e n t  of  t h e  o u t l e t  stream 
was de termined  p e r i o d i c a l l y  b y  s w i t c h i n g  t o  d i f f e r e n t  g a s  b u b b l e r s  
f o r  known amounts of  t i m e  and t i t r a t i n g  t h e  remain ing  c a u s t i c ,  The 
wet t e s t  meter completed t h e  mass b a l a n c e  b y  de t e rmin ing  i n e r t  g a s .  
During a r u n  t h e  g a s  was con t inuous ly  a d m i t t e d  and da ta  were t a k e n  
u n t i l  o u t l e t  and i n l e t  N2O4 c o n t e n t s  were t h e  same, a t  which p o i n t  
t h e  s i e v e  was s a t u r a t e d  f o r  t h a t  p a r t i c u l a r  g a s  composi t ion  and 
t empera tu re .  Heat e f f e c t s  were i n t e g r a t e d  up t o  s a t u r a t i o n  and 
heats  of a d s o r p t i o n  i n  c a l / g  c a l c u l a t e d  a f t e r  mass b a l a n c e s  were 
o b t a i n e d .  
Two s o u m e s  of  e r r o r  were cons ide red  i n  t h e  d e s i g n :  t h e  s e n s i b l e  
heat l o a d  (+  o r  - )  imposed on t h e  c a l o r i m e t e r  by t h e  f lowing  g a s  
stream, and t h e  f a c t  t h a t  heat  e f f e c t s  may b e  small ( 1 0 0 - 2 0 0  c a l / g  
N2O4 adso rbed)  compared to t h e  combined heat  c a p a c i t i e s  of  t h e  
c a l o r i m e t e r  f l u i d ,  a d s o r p t i o n  t u b e  p l u s  s i e v e ,  s t i r r e r ,  t h e r m i s t o r ,  
and heat  c a l i b r a t i o n  r e s i s t o r  (which must remain i n  t h e  c a l o r i m e t e r  
d u r i n g  t h e  r u n ) ,  n e c e s s i t a t i n g  v e r y  a c c u r a t e  t empera tu re  measurements.  
The f i rs t  problem was approached b y  p r o v i d i n g  f o r  con t inuous  
measurement of  t h e  t e m p e r a t u r e s  of t h e  i n l e t  and o u t l e t  streams 
c l o s e  t o  t h e  a d s o r p t i o n  t u b e  v i a  t h e r m i s t o r  probes  i n  t h e  s t a i n l e s s  
s t e e l  l i n e s .  Knowing t h e  mass f low r a t e s ,  g a s  composi t ions ,  and 
heat  c a p a c i t i e s ,  c a l c u l a t e d  c o r r e c t i o n s  cou ld  t h e n  be made t o  t h e  
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nominal conditions of flow and adsorption, temperature differ- 
ences of 1 to 2OC could be tolerated with ~ 1 %  error in measured 
heat effects even if the corrections were not made. 
The second problem, Toe., accurate temperature measurement, was 
approached by utilizing thermistors with a high temperature/ 
resistance coefficient (in the temperature range of interest) 
coupled with a precision wheat-stone bridge circuit with a high 
impedance electrometer null indicator. Temperature differences 
(as indicated by a Beckman precision calorimeter mercury ther- 
mometer used for calibration) down to 0.01OC were easily measur- 
able. A calibration curve over the range 47°C to 53°C was obtained 
with a standard deviation of O o 9 % ,  indicating the inherent pre- 
cision of the system. The measured slopes were -280 ohm/OC for 
the 5OoC thermistor, and -187 ohdoc for the 100°C thermistor. 
On initial tests there were problems with excessive cooling and 
subsequent nonsteady temperatures in the inner calorimeter chamber, 
Experimentation indicated that the temperature excursions were 
directly related t o  room temperature variations. 
The system was modified by enclosing the whole calorimeter assembly 
in an "air thermostat", consisting of a large Lucfte box that s u r -  
rounded the calorimeter. No provision for maintaining constant 
air temperature inside the box was necessary; the box simply 
shielded the calorimeter from room air currents. In addition, 
the top of the calorimeter assembly, including the "Christmas 
Tree" of piping and valves, was packed with glass wool to reduce 
heat transfer. 
Tests with the modified system were quite satisfactory. Constant 
temperature was maintained overnight in both the outer jacket and 
the inner Dewar without a continual heat input t o  the inner Dewar 
as was necessary previouslyo 
3. Results 
Heat calibration curves were 
admittance of a known amount 
Nichrome wire heater element 
obtained on the complete system by 
of electrical energy to a wound 
immersed in the inner Dewar (Table 
X L I V ) .  The linear least squares slope over the range 10 t o  60 
calories was 0.0065 OC/cal. The standard deviation of the 
measured points varied from 0.01"C at the low end (10 calories) 
t o  0.05OC at the high end (60 calories). This precision was 
adequate. 
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Table X L I V  
STANDARDIZATION OF C A L O R I M E T E R  
A T  ( O C )  Electrical Heat I n p u t  
h a 1  1 R u n  1 R u n  2 R u n  3 R u n  4 R u n  5 R u n  6 
10 0.03 0.01 0.02 0.01 0.03 0.03 
30 0.19 0.15 0.12 0.10 0.13 0.14 
60 0.41 0.35 0.31 0.26 0.34 0.34 
Average V a l u e s  
at 10 ca'l, Q = 0.00183°C/caf 
30 I' Q = 0.00480°C/cal 
60 I' Q = 0.00553°C/cal 
1 6 2  
Data f o r  a d s o r p t i o n  on 1 . 0 0  g 13X molecu la r  s i e v e  u t i l i z i n g  a n  
80% N 2 O 4  gas  composi t ion  i s  compiled f o r  bo th  50°C and 100°C i n  
Table  XLV. Actua l  r u n s  are p l o t t e d  i n  F i g u r e s  39 and 4 0 .  The 
molecu la r  s i e v e  had been p r e c o n d i t i o n e d  by h e a t i n g  o v e r n i g h t  a t  
350°C i n  a d r y  argon stream, t h e n  exposed to 100% N 2 O 4  w i t h  sub- 
sequen t  exposure  to 2 O O 0 C ,  a t  29 i n .  vacuum. Between each r u n ,  
t h e  s i e v e  was desorbed  a t  2 O O 0 C ,  29  i n .  vacuum f o r  2-3 hour s  to 
ensu re  a r e p r o d u c i b l e  s t a r t i n g  p o i n t  t h a t  cor responds  to t h e  ad- 
s o r p t i o n  measurements made w i t h  t h e  s p r i n g  b a l a n c e .  
The data  are r easonab ly  c o n s i s t e n t  ( excep t  f o r  two anomalously 
h i g h  r e s u l t s  f o r  t h e  100°C r u n s ) .  Coo l ing /hea t ing  c o r r e c t i o n s  
were n e c e s s a r y ,  as i n d i c a t e d .  
The data  r e p o r t e d l y  i n  a p r e v i o u s  s e c t i o n  f o r  a d s o r p t i o n  a t  8 0 %  
g a s  composi t ion a t  t h e  two t empera tu re  were: 
50°C - 0.115 g N02/g s i e v e  
100°C - 0 . 0 6 9  g N02/g s i e v e  
Using these v a l u e s ,  t h e  average  heat  of  a d s o r p t i o n  measured i n  
t h e s e  runs c a l c u l a t e s  to b e :  
50°C - 1 0 0 9  c a l / g  NO2 adsorbed 
100°C - 1323 c a l / g  NO2 adsorbed 
Grand Average = 1 1 8 0  c a l / g  N O 2  adsorbed 
( a l l  r u n s )  
4 .  D i scuss ion  
The h e a t s  of  a d s o r p t i o n  of  n i t r o g e n  ox ides  on 13X s i e v e  as found 
h e r e  amount to about  1 0 0 0  ca lo r i e s /g ram or 46 kcal/gram-mole of 
N 0 2 .  These v a l u e s  are  e x c e p t i o n a l l y  h igh  and i n v i t e  comparison 
w i t h  data r e p o r t e d  f o r  o t h e r  s o r b a t e s  on 13X s i e v e .  Cons iderable  
i n f o r m a t i o n  has been r e p o r t e d  by A .  V .  K i se l ev  and R .  M .  Barrer 
( r e f .  2 2 )  and by  o t h e r s  ( r e f .  2 3 ) .  V e r y  h i g h  heats  of  a d s o r p t i o n  
on molecular  s i e v e s  would be  expec ted  t o  occur  when t h e  i so the rm 
shows a s h a r p  r i s e  t o  s a t u r a t i o n  a t  low v a l u e s  o f  P /Po ,  as occur s  
h e r e ,  F o r  comparison t o  o t h e r  systems, i t  i s  u s e f u l  t o  c o n s i d e r  
(1) t h e  r a t i o  o f  t h e  heat o f  a d s o r p t i o n  t o  t h e  heat of  vapor iza-  
t i o n  of t he  s o r b a t e  by i t s e l f  and ( 2 )  t he  h e a t  of  a d s o r p t i o n  on 
l3X s i e v e  as r e p o r t e d  f o r  o t h e r  s p e c i e s .  There seem to be no 
o t h e r  data  f o r  n i t r o g e n  o x i d e s  on any form of molecular  s i e v e .  
However, t he  fo l lowing  comparisons can b e  made. 
T a b l e  X L V  
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MEASURED H E A T  EFFECTS FOR ADSORPTION 
OF N2O4 O N  13X M O L E C U L A R  SIEVE 
C o n d i t i o n s :  80% N2O4 g a s  c o m p o s i t i o n  
1 . 0 0  g 13X Molecu la r  S i e v e  
. Temp.  
( S t a r t )  
( "C)  
H e a t i n g  
Correc t ion  
( o C / m i n )  
4 8 . 0 0  
4 8 . 0 0  
4 8 . 0 0  
4 8 . 0 0  
4 8 . 0 0  
9 8 . 1 0  
9 8 . 1 0  
9 9 . 3 0  
9 8 . 9 9  
9 8 . 1 0  
9 8 . 3 2  
+O. 0 4 8  
+ O .  0 7 8  
+ O .  0 4 5  
+ o .  002  
+ o .  022  
- 0 . 0 2 4  
- 0 . 0 4 4  
+ 0 . 0 1 4  
- 0 . 0 2 0  
- 0 . 0 6 0  
- 0 . 0 6 0  
0 . 9 0  
1 . O l  
0 . 7 1  
0 . 7 1  
0 . 7 4  
0 . 8 5  
0 . 2 5  
0 . 9 4  
0 . 3 1  
0 . 3 1  
0 . 2 7  
A v e r a g e  Values  f o r  Qads 
5OoC - 1 1 6  c a l o r i e s  
100°C - 82 c a l o r i e s  
Time 
( m i n )  
2 . 0  
1 . 8  
1 . 3  
1 .o 
1 . 5  
4 . 0  
2 . 5  
5 . 0  
1 .o 




0 . 8 0  
0 . 8 7  
0 . 6 5  
0 . 7 4  
0 . 7 1  
0 . 9 5  
0 . 3 6  
0 . 8 7  
0 . 3 3  
0 . 3 7  
0 . 3 3  
1 2 3  
1 3 4  
1 0 0  
1 1 4  
1 0 9  
1 4 6  
5 5  





1 .  
1 .  
1 .  
1.  
1 .  
1 .  
1 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
6 0  
50 
4 0  
30 
20 










1 0  
0 






0 1  2 3 4 5 6 7 8 9 1 - 0 1 1 1 2  
Time ( m i n )  
F i g u r e  39, 5OoC C a l o r i m e t r y  Runs 
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1 * I  
0 . '  
0. 
0 .  
0 .  





0 .  
0. 
R u n  No. 
m 7  
0 8  
A 9  
0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
T i m e  ( m i n )  
F i g u r e  40. 100°C Calor imet ry  Runs 
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T h e  heat of  a d s o r p t i o n  o f  1102 i s  about  1 0  times t h e  heat  of  
v a p o r i z a t i o n ,  which i s  about  4 . 5  kcal/mole N O 2 .  For carbon 
d i o x i d e  on t h e  IJa-X form of  f a u j a s i t e  molecu la r  s i e v e ,  t h e  
i n t e g r a l  heat o f  a d s o r p t i o n  i s  about  1 1 . 2  kcal /mole,  which i s  
about  f o u r  times t h e  heat  of  v a p o r i z a t i o n  of l i q u i d  C 0 2  a t  30°C. 
T h e  heat o f  a d s o r p t i o n  o f  water vapor  on Na-X s i e v e  has a n  i n t e -  
g r a l  v a l u e  of  about  1 kcal/gram, which i s  approximate ly  double  
t h e  heat of  v a p o r i z a t i o n  o f  water as such .  F o r  m e t h y l  n i t r a t e  
t h e  i n t e g r a l  heat  o f  a d s o r p t i o n  i s  about  18  kcal /mole compared 
t o  a heat o f  v a p o r i z a t i o n  of  about  9 . 1  kcal/gram-mole. For  
a d s o r p t i o n  o f  ammonia on N a - X ,  t h e  i n t e g r a l  hea t  o f  a d s o r p t i o n  
i s  about  1 3  kcal/mole o r  about  750 c a l o r i e s / g r a m  and t h i s  amounts 
to about  2 . 5  times t h e  heat  of  v a p o r i z a t i o n .  
On t h e  bas i s  o f  r a t i o  of  heat  of a d s o r p t i o n  to heat  of  vapor i za -  
t i o n ,  no o t h e r  s y s t e m  comes c l o s e  t o  t h e  v a l u e s  found h e r e .  How- 
e v e r ,  on t h e  basis  o f  heat  of a d s o r p t i o n  expres sed  as c a l o r i e s /  
gram, t h e  v a l u e  f o r  n i t r o g e n  ox ides  i s  comparable t o  t h a t  of 
water  and of  ammonia. Molecules having a h igh  permanent e l e c t r i c  
moment, e . g . ,  a h i g h  d i p o l e  moment o r  h igh  quadruple  moment, 
such as water,  ammonia, and n i t r o g e n  o x i d e s ,  would be expec ted  
t o  have a h i g h  heat  of  a d s o r p t i o n  on molecular  s i e v e s .  A 
f u r t h e r  c o n t r i b u t i n g  e f f e c t  may be  a s s o c i a t e d  w i t h  t h e  f a c t  t h a t  
t h e  gas  mix tu re  c o n s i s t s  of  bo th  N O 2  and N 2 O 4  molecules .  The 
13X s i e v e  c o n s i s t s  of c a v i t i e s ,  about  20  o r  s o  angstroms i n  diam- 
e t e r ,  i n t e r c o n n e c t e d  by p o r t h o l e s  of  approximate ly  8 t o  1 0  angstroms 
i n  diameter.  I n  view of  t hese  very  narrow passageways,  i t  i s  p o s s i b l e  
t h a t  t h e  N O 2  molecules  d i f f u s e  i n t o  t h e  s i e v e  much more r a p i d l y  t h a n  
do t h e  N2O4 molecu le s ,  and t h e n  react  i n  t h e  l a r g e  c a v i t i e s  t o  form 
N 2 0 4 .  The heat of  fo rma t ion  of  N 2 O 4  from NO2 i s  10.204 kcal/mole 
and t h i s  e f f e c t ,  i f  i ndeed  it  occurs, could  a l s o  c o n t r i b u t e  t o  
t h e  e f f e c t i v e  heat of  a d s o r p t i o n .  
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APPENDIX I 
L I Q U I D  PHASE DECOMPOSITION OF ANHYDROUS N, H, 
The hydraz ine  decomposi t ion u n i t  d e s c r i b e d  i n  S e c t i o n  I I I B  was 
modif ied f o r  t h e  1000-hour run  w i t h  a h ighe r  hydraz ine  f e e d  r a t e  
of 1 9 . 7  g p e r  hour., A new r e a c t o r  of  1 i n ,  1,D. and 1 6  i n .  l o n g  
was c o n s t r u c t e d  and a new l i q u i d  r e s e r v o i r  was i n s t a l l e d .  The 
c a t a l y s t  used was a chopped up MRD l amina te  membrane made by a p p l y -  
i n g . a  l a y e r  o f  Englehard rhodium b l a c k  c a t a l y s t  on Monsanto Research 
Coporat ion s t a n d a r d  carbon-PTFE s u b s t r a t e  by a p r o p r i e t a r y  p rocedure .  
The hydraz ine  f e e d  r a t e  f o r  t h e  decomposer and t h e  decomposer 
dimensions were c a l c u l a t e d  from o u r  p r e v i o u s  data w i t h  t h e  f o l l o w i n g  
assumpt ions :  
F u e l  c e l l  power ou tpu t  = 2 4  watts 
F u e l  c e l l  e f f i c i e n c y  = 95% 
Decomposer e f f i c i e n c y  = 5 0 %  
D i f f u s e r  e f f i c i e n c y  .= 85% 
F u e l  c e l l  v o l t a g e  = 0 , g  v o l t  
Under t h e s e  c o n d i t i o n s  t h e  r e q u i r e d  hydraz ine  f e e d  r a t e  i s  1 9 . 7  g 
p e r  h o u r *  
Test r u n s  r e v e a l e d  t h a t  i t  was d i f f i c u l t  t o  ma in ta in  a s t e a d y  hydra-  
z i n e  f low r a t e  because gas  was s lowly  g e n e r a t e d  i n s i d e  t h e  f e e d  
pump. The fo rma t ion  o f  gas i n  t h e  f e e d i n g  system was due t o  t h e  
s l i g h t  decomposi t ion o f  hydraz ine  b y  s t a i n l e s s  s t e e l  316. F o r  t h i s  
r e a s o n ,  t h e  pump was d i sman t l ed  and a l l  pavlts made of  s t a i n l e s s  
s t e e l  316 were r e p l a c e d  w i t h  p a r t s  o f  s t a i n l e s s  s t e e l  304. A f t e r  
t h i s  was done, t h e  u n i t  was s t a r t e d  up a g a i n .  The p r e s s u r e  i n  t h e  
system was found t o  b e  s l o w l y  dropping  whenever t h e  pump was n o t  
i n  o p e r a t i o n .  T h i s  i n d i c a t e d  l eakage  i n  t h e  check v a l v e s  o f  t h e  
pump. These pa r t s  were a l s o  r e p l a c e d .  
The m o d i f i e d  r e a c t o r  was o p e r a t e d  s u c c e s s f u l l y  and most  o f  t h e  
m e t e r i n g  pump problems a p p a r e n t l y  were s o l v e d ,  
It was p lanned  t o  s t a r t  t h e  t e s t s  w i t h  an H 2 0  modera tor  f o r  t h e  
r e a c t i o n  t o  p reven t  e x c e s s i v e  r e a c t i o n  and damaging hea t  e f f e c t s  
as had been n o t i c e d  p r e v i o u s l y .  The H20 c o n t e n t  o f  t h e  stream 
was t o  be g r a d u a l l y  r educed ,  
The e f f e c t s  o f  hydrazine/H20 f e e d  composi t ion  and f e e d  r a t e  on 
hydrogen p r o d u c t i o n  e f f i c i e n c y  were s t u d i e d .  I l l u s t r a t i v e  
r e s u l t s  are shown i n  Tab le  XLVI. The H 2  e f f i c i e n c y  i s  c a l c u l a t e d  
from t h e  N 2 H 4  c o n t e n t  o f  t h e  f e e d  stream assuming t h e  r e a c t i o n :  
N 2 H 4  3 N 2  + 2 H 2  
The r e s u l t s  are d i s c o u r a g i n g :  o u r  minimum g o a l  o f  50% e f f i c i e n c y  
was o b t a i n e d  o n l y  a t  t h e  lowes t  f e e d  r a t e  and, w i t h i n  t h e  l i m i t s  
o f  t h e s e  data, f e e d  s t o c k  composi t ion  has l i t t l e  e f f e c t  on t h e  
s i t u a t i o n .  It shou ld  be n o t e d  t h a t  between r u n s  1 and 2 a sudden 
p r e s s u r e  b u i l d u p  i n  t h e  r e a c t o r  caused  a r u p t u r e  d i s c  t o  blow, 
w i t h  t h e  a p p a r e n t  e f f e c t  t h a t  t h e  e f f i c i e n c y  o f  t h e  r e a c t o r  was 
c u t  approx ima te ly  i n  h a l f .  I f  t h e  o v e r - p r e s s u r e  was caused  b y  
a n  i n i t i a l  "run-away" r e a c t i o n  w i t h  consequent  l o c a l  h i g h  tem- 
p e r a t u r e  t r a n s i e n t s ,  i t  i s  a p p a r e n t  t ha t  t h e  new s ta r t  up proce-  
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APPENDIX I1 
DESIGN OF N 2 0 4  SCRUBBER SYSTEMS 
A .  B A S I C  SYSTEM C O N S I D E R A T I O N S  
I n  t h e  s y s t e m s  d e t a i l e d  h e r e ,  a d e l a y  chamber has been i n c l u d e d  
i n  t he  r e a c t o r  product  s t r eam.  T h i s  d e l a y  chamber r e c e i v e s  t h e  
product  stream a t  100°C from t h e  h e a t  exchanger  and i s  s i z e d  t o  
p rov ide  s u f f i c i e n t  t ime  f o r  t h e  u n r e a c t e d  NO t o  combine w i t h  
oxygen b e f o r e  p a s s i n g  i n t o  t h e  a d s o r b e r s ,  
Two of t h e  systems f o r  which hea t  and m a t e r i a l  ba l ances  were 
c a l c u l a t e d  use  two a d s o r b e r  chambers,  one of which i s  be ing  
h e a t e d  and ven ted  t o  space  vacuum, wh i l e  t h e  o t h e r  i s  adso rb ing  
N 2 O 4  from t h e  r e a c t o r  product  s t r eam.  The t h i r d  s y s t e m  c a l c u l a t e d  
u s e s  t h r e e  a d s o r b e r  chambers, one of  which i s  be ing  h e a t e d  and 
ven ted  t o  space  vacuum, whi le  t h e  o t h e r  two a r e  adso rb ing .  I n  
a l l  t h r e e  sys tems,  s u f f i c i e n t  h e a t i n g  and c o o l i n g  c a p a c i t y  was 
a v a i l a b l e  i n  t h e  f e e d  and product  s t reams t o  h e a t  and c o o l  t h e  
adso rbe r  chambers d u r i n g  t h e  d e s o r p t i o n  par t  of  t h e  c y c l e .  All 
c a l c u l a t i o n s  were based on a 9 0 %  e f f i c i e n t ,  2 kW f u e l  c e l l  oxygen 
requi rement  and 8 0 %  e f f i c i e n c y  i n  t h e  N 2 O 4  r e a c t o r .  
Es t ima tes  were made f o r  t h e  a d s o r b e r  c o n t a i n e r  weight  and t h e  h e a t  
exchanger  weight  which would be r e q u i r e d  i n  each  c o n t a i n e r .  These 
a r e  noted  i n  s e p a r a t e  c a l c u l a t i o n s .  
The schemat ic  of t h e  system o p e r a t i o n  f o r  two adso rbe r  chambers 
i s  g iven  i n  F i g u r e  4 1 .  The t h r e e  a d s o r b e r  chamber s y s t e m  i s  
shown i n  F i g u r e  4 2 .  
B, C A L C U L A T I O N  DETAILS 
1, Thermodynamic Cons tan ts  
Component 
Heat Capaci ty  
Cal/gm/O C 
S t a i n l e s s  S t ee l  0 . 1 2  
1 3 X  Molecular  S i eve  0 . 2 0  ( e s t )  
N 2 O 4  Vapor 0 . 2 3  
Product  Stream from Reactor  8 Cal/g rnole/OC 
AH N 2 0 4  9 9  CaWg 
V aP 
175  
Vac Vac  
F i g u r e  41. Two C o l u m n  A d s o r b e r  w i t h  D e l a y  C h a m b e r .  
P 
Delay C h a m b e r  
I T I 
* 
Vat 
F i g u r e  4 2 .  T h r e e  CoTumn S y s t e m  
2 .  System I: Two Columns w i t h  D e l a y  Chamber 
Column S t r u c t u r e  1 . 2  l b  s t a i n l e s s / l b  s i eve  
Adsorbed S t a t e  0 . 2 0  l b  N204/lb s i eve  o r  g/g 
Desorbed S t a t e  0.12 l b  N ~ O 4 / l b  s i e v e  or g/g 
C s i eve  = 0.2 + 1 . 2 ( . 1 2 )  + ( . 2  x . 2 3 )  + 0.38 Cal/g/"C P 
AH Desorb 
deso rb  0 . 0 8  g N 2 O 4 / g  s i eve  
0 . 0 8  g x 99  Cal/g N 2 0 4  = 7 .95  Cal 
7 . 9  C a l k  s i eve  = 210c 
0 .38  Cal/g/"C AT = 
Adsorb Temp 70°C - Desorb Temp 9 1 ° C  
Deso rp t ion  T i m e  ( f rom 0.2g/g t o  0.12 g/g 
S t a r t  desorb  a t  9 1 ° C  
fin - lo - 1 6 . 1  minx - 0 .08  2 - Tdesorb (10-2)~10-3 
Desorb P r e h e a t  (1 l b  b a s i s )  
Q = 0 .38  C a l / g m / O C  x 453 x 21°C = 3620  C a l / l b  
Reac to r  P roduc t  Stream Heat Cohtent  
AH = 36.8  moles/hr x 8 Cal/g mole AT = Cal /hr  
Assume AT = 700°C 
36 .8  x 8 x 700  = 206,000 Ca l /h r  
206 o o o  '60 = 3434 Cal/min 
++ from d a t a ,  Monthly Report  No. 1 4 ,  p . 8  
1 7 8  
Desorb ‘ T i m e  
= 1 6 . 1  t ( 1 . 3  x 2.86) = 22.9 minu tes  Tdesorb  
Colurnn Weights 
S i e v e  3 .0  l b  
S t a i n l e s s  C o n t a i n e r  3.6 l b  
Heat Exchanger  0 .5  l b  
Heat Requi red  f o r  Heat Up o f  Columns 
Q = { 3  x 0.2 x 453 C ( 4 . 1  x 0,12 x 453) t 
( 0 . 2  x 3 x 453 x .23) AT 
Q = 11,700 Cal 
The columns are heated from t h e  r e a c t o r  p r o d u c t  stream. 
R e a c t o r  Product  Stream Heat Content  
T Q = ( ~ O O - T O  x 36.8 x 8 . 0 ( m )  = 11,700 Cal 
Assume p r o d u c t  stream coo led  t o  250OC coming o u t  o f  a d s o r b e r  
AT = 55OoC 
Heat Up T i m e  
-- 4 . 2 5  minu tes  11,700 = 162,000 x 60 
Desorp t ion  C o o l i n g  
Heat removed on d e s o r p t i o n  
F i n a l  Temp - Tf = 72.8OC 
Some c o o l i n g  w i l l  be  r e q u i r e d  u s i n g  N204 t o  b r i n g  the  column back 
t o  70°C b e f o r e  t h e  a d s o r b  c y c l e  starts and t o  h o l d  t he  column tem- 
p e r a t u r e  d u r i n g  t h e  a d s o r p t i o n  par t  of  t h e  c y c l e .  The a d s o r b e r  
column feed t e m p e r a t u r e  i s  1 4 O o C ,  f rom t h e  delay chamber. The 
179 
4 O o C  r i s e  i s  a r e s u l t  of t h e  r e a c t i o n  NO + O 2  + N O 2 .  
C y c l e  Time (rnin) 
d e s o r p t i o n  - 23 
heat up - 4.5 
c y c l e  27.5 min 
3 .  Sys tem 11: Two Columns, Fast  Cycle  
T h i s  sys tem d i f f e r s  from t h e  f i r s t  one i n  t h a t  a smaller amount 
of N,Oi+ i s  adsorbed  on each  c y c l e  and t h e  d e s o r p t i o n  r a t e  i s  much 
h igher  t h a n  t h a t  found e a r l i e r * .  
Adsorbed s t a t e  
Desorbed S t a t e  
Approx. C o f  Column = 0.38 Cal/g/ C 
- 0 . 2 0  l b  N , O , / l b  s i e v e  or (g/g)  
- 0.15 l b  N 0 / l b  s i e v e  o r  (g/g)  
2 8  
P 
AH Desorb 
0 . 0 5  g N,O,/gm s i e v e  x 99 Cal/g = 4.95 Cal/g s i e v e  
AT Desorb 
Desorp t ion  Time 
deso rp  from 0 . 2 0  t o  0 .15  
s t a r t  desorb  a t  g l ° C  
13OC 
g N204/g s i e v e  
- 0 . 0 5  11.1 - 10 = 6.94  min* 
Tdesorb  ( 1 0 - 5 )  x 10-3 5 
Desorber  Preheat (1 l b  b a s e s )  
Cp = 0.38 cal/g/OC ( a d s o r b e r )  
Q = (0 .38) (453)(13OC)  = 2220  C a l / l b  
' F i g u r e  2 ,  Monthly R e p o r t  No.14 
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Some c o o l i n g  i s  r e q u i r e d  t o  complete  t h e  c y c l e :  
Cycle time - Desorp t ion  6.9 min 
1 . 2  min -H e a t  Up 
T o t a l  8 . 1  min 
4 .  System 111: Three Columns 
T h i s  s y s t e m  u s e s  t h ree  adsorber  chambers and i s  shown i n  F i g u r e  4 2 .  
The same assumpt ions  are made f o r  t h i s  s y s t e m  as for t h e  p r e v i o u s  
two s y s t e m s  excep t  as n o t e d  i n  t h e  c a l c u l a t i o n s .  
Adsorber Heat U p  Requirements 
c = 0 .38  C a l / g / O C  
P 
Product  Stream Hea t ing  Value 
36.8 x 8 x AT/min 
60  Q =  
Assuming AT = 6OO0C 
Q = 2950 Cal/min 
Temperature  r i s e  
Basis 1 lb a d s o r b e r  
0.38 Cal/mg x 453 x AT = 2950 Cal/min 
AT = 17.2OC/min 
Assume a d s o r b e r s  can be cooled  a t  35OC f o r  adsorb  
and heated t o  100°C for desorb  
AT = 65Oc 
= 3.78 minu tes / lb  s i e v e  65Oc 17,2OC/min/lb Theat = 
Desorp t ion  T i m e  
x R n ~ =  l6 6.05 minutes% 0 . 0 7  Tdesorb  = (16-8)  10-3 
N 3 0 ~  i n  Product  Stream 
0*661b/1b 0 = 0 . 0 1  l b  N2Ot,/min 
’ Data, Monthly Report  No.14, p . 8  
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Reac to r  Product  Stream Heat Content 
Assume c o o l i n g  t o  100°C - AT = 70OOC 
AH = 36.8  moles/lu x 8 c a U g  mole = 3434 cal/min 60 
Preheat  T ime  
2 2 2 0  = 0.65 min/lb s i e v e  Tph = m 
Desorb T i m e  
l b  s i e v e  = C6.94 + 0.65 ( l b  s i e v e ) ]  , e c g  PXN O 1 
l b  s i e v e  = 1 .62  
Tdesorb = 6.94 + 0.65 ( 1 . 6 2  l b  s i e v e )  
Tdesorb = 7.99 minutes  
Adsorber c o n t a i n e r  approximate ly  2 . 0  lb s .s .  
2.5 lb S.S. Heat exchanger  I? 
Heat Required for Heat Up 
Q = ( 1 . 6  l b  s i e v e  x 0 . 2  c a l / g  x 453) t ( 2 . 5  x 453 x 0 . 1 2 )  
t ( 0 . 2  x 1 . 6  x 453 x 0.23)  AT 
Q = (314)  13OC = 4080 Cal 
Heat ing  time from r e a c t o r  p roduc t  stream 
= 1 . 1 9  minutes  4080 Cal 
Desorp t ion  Cooling 
Heat removed on d e s o r p t i o n  
1 . 6  l b  s i e v e  x 0 . 0 5  l b  N 2 0 4  x 453 x 99 Cal/g ( N z O t + )  - 3590 Cal 
F i n a l  Temperature 
4081, zi I ;g = 3590 
Tf = 8ooc 
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S i e v e  l o a d i n g  i n  adsorbed s t a t e  0.07 l b  N 2 0 4 / l b  
Assume: 1 . 2 0  l b  s i e v e / u n i t  - 1 . 4 4  lb s . s . / u n i t  
2 . 6 4  l b  T o t a l  
Theat up = 2.64 l b  x 3.78 min/lb = 10.0 min 
Tdesorb = = 6 . 1  min 
16.1 min 
The two s i e v e s  on t h e  adsorb  c y c l e  c o n t a i n  1 . 8  lb molecular  
s i e v e .  
The 2 . 4  l b  s i e v e  i n  two a d s o r b e r s  has t h e  c a p a c i t y  f o r  16 .8  min 
a d s o r p t i o n  on p roduc t  stream. 
The a d s o r p t i o n  r a t e  data used i n  these c a l c u l a t i o n s  were o b t a i n e d  
u s i n g  t u b u l a r  a b s o r b e r s  where t h e  p a t h  l e n g t h  t o  t he  vacuum was 
much l o n g e r  t h a n  optimum. The c o n f i g u r a t i o n  sugges t ed  f o r  high- 
e s t  d e s o r p t i o n  ra tes  i s  a c y l i n d e r  w i t h  a porous tube  up t h e  
c e n t e r  th rough which t h e  d e s o r p t i o n  takes p l a c e .  T h i s  t y p e  of 
d e s i g n  could  make t h e  d e s o r p t i o n  p a t h  l e n g t h  very s h o r t .  
The heat  exchanger  estimates were c o n s e r v a t i v e ,  b u t  no a t t e n t i o n  
was g iven  t o  p o s s i b l e  s c a l e  fo rma t ion  or o t h e r  d i f f i c u l t i e s  
which may occur  a t  8 0 0 0 ~ .  
